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Abstract 
Experimental studies into the use of cold atmospheric plasmas for 
inactivating foodborne pathogens are presented in this thesis.  
Eliminating the possibility that treatment delivered by a plasma to a 
population or assemblage of micro-organisms is unevenly distributed is an 
essential pre-requisite to attempting to interpret inactivation kinetics with a 
view to elucidating mechanisms of inactivation. A filtration method of 
depositing cells evenly on the surface of a membrane without cell stacking was 
developed and used throughout the work described here. 
Two atmospheric plasma systems were evaluated and each brought 
about microbial inactivation in a distinct way. A pulsed radio frequency 
plasma jet operated at 3.47 MHz caused gross morphological changes to L. 
innocua whereas a low frequency air mesh plasma system operated at a 
frequency of 24 kHz led to the inactivation of these bacteria without inducing 
observable structural changes. Changing the operating parameters of the 
plasma jet system had a significant effect on the composition of the reactive 
plasma species generated as revealed by changes to the mode of inactivation of 
bacteria. In addition to inactivating bacteria, the pulsed plasma jet was shown 
to be highly effective in degrading and removing amyloid aggregates from the 
surface of mica coupons. Amyloids have widely been used as a non-infectious 
model for prions, and the results obtained here show potential for the 
application of gas plasma technology for removing prions from abiotic 
surfaces in medical and other applications.  
It has widely been assumed that bacterial envelopes are the principal 
sites at which reactive plasma species bring about damage to cells. However, 
changing the composition of the bacterial membranes of E. coli and Listeria 
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innocua by cultivating them at widely different temperatures to induce 
changes proved not to result in enhanced inactivation. Flow cytometry was 
also used to provide additional insights into possible mechanisms of 
inactivation. The following fluorescent dyes were used either singly or in 
combination; SYTO 13, DiBAC4(3), cFDA and PI. The results obtained with 
the dyes DiBAC4(3) and PI showed that Gram positive bacteria became 
depolarised prior to the bacterial membrane becoming compromised, possibly 
suggesting that the inactivating plasma species are affecting membrane 
proteins responsible for maintaining the bacterial charge. Differences between 
the fluorescent dye staining of Gram negative and Gram positive species were 
obtained using SYTO13 and PI demonstrating that the different membrane 
structures affect their interaction with the plasma. 
In additional studies, the air mesh plasma was used to treat multi-drug 
resistant strains of Methicillin resistant Staphylococcus aureus (MRSA) in an 
attempt to reverse antibiotic resistance. MRSA PM 64 was shown to reverse 
its antibiotic resistance to Oxacillin, Kanamycin and Trimethoprim. Culturing 
the bacteria in a nutrient limited media led to increased resistance towards 
plasma treatment and maintenance of their high levels of antibiotic resistance. 
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1. Introduction 
1.1   Plasmas  
Plasmas have been referred to as the fourth state of matter and are 
generated when significant amounts of energy are applied to a gas. The four 
states of matter are depicted schematically in figure 1.1.  
 
Fig 1.1: Schematic of the four states of matter (NASA, 2007). 
 
The energy used to produce a plasma can be thermal or carried by an 
electric current. However, attention here will focus exclusively on plasmas 
generated by electrical fields. An applied electric field can transfer energy to 
any free electrons that are present in a gas. These high energy electrons 
transfer their energy to neutral species found in the gas via collisions. 
Collisions can be of two types; elastic collisions where the kinetic energy of 
the neutral gas species are increased, and inelastic collisions that result in 
changes to the electronic structure of the neutral gas species to generate 
excited species or ions and electrons (Tendero et al., 2006). The ionisation of 
neutral species in the gas releases more electrons that can in turn ionise neutral 
species causing an “avalanche” effect. A plasma state is reached when the 
number of free electrons increases to a point that the electrical properties of 
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the gas become affected; an inert gas that acts like an insulator can by this 
become highly conductive.  
  
It is estimated that 99.9 % of the all the matter in the observable universe 
is comprised of plasmas, but not all plasmas are identical and in fact they have 
a variety of different temperatures and densities. Figure 1.2 shows electron 
temperatures and densities for a range of different natural and manmade 
plasmas. 
 
Fig 1.2: Electron temperature – electron density for natural and manmade plasmas 
(Tendero et al., 2006).  
 
A plasma can be characterised by its degree of ionisation defined as 
given below.  
 
Where ni and n are density of ionised particles and neutral atoms 
respectively. The degree of ionisation can help categorise the plasma 
according to the type of discharge (Roth, 1995). A so-called Dark Discharge is 
weakly ionised and undetectable to the eye. As the degree of ionisation 
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increases the discharge changes into a Glow Discharge which is sustained at 
high voltages and low currents between the electrodes. A further increase in 
ionisation results in a transition from a Glow Discharge to an Arc Discharge 
which is a type of plasma sustained by very high currents and low voltages. 
This is depicted in Figure 1.3 for a low pressure system, but can, in principle, 
be applied to an atmospheric discharge (Eliezer & Eliezer 2001).  
 
Fig 1.3: Voltage – Current characteristics of a low pressure DC discharge (Eliezer & 
Eliezer 2001).  
 
Plasmas can be categorised as either equilibrium or non equilibrium 
plasmas. When a plasma is in equilibrium the temperature of the electrons is 
the same as that of the ions present. Non equilibrium plasmas exist when there 
is a difference between ion temperature and electron temperatures (Lieberman 
& Lichtenberg 2005). Non equilibrium plasmas are more easily obtained at 
low pressures because the collisions occurring are inelastic and do not raise the 
kinetic energy of the neutral species which may lead to thermal runaway. At 
atmospheric pressure the large number of gaseous species results in more 
frequent elastic collisions, this pushes the discharge closer to equilibrium 
(Tendero et al., 2006). This can easily result in the glow-to-arc transition of 
atmospheric plasmas. There are several methods that allow stable non 
equilibrium glow discharges to be produced at atmospheric pressure. The use 
of a large ballast resistor or a pulsed power supply can be used to help limit 
current growth. The use of a dielectric material that covers one or both of the 
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electrodes is also possible (Kanazawa et al., 1988). The dielectric material 
accumulates charge on its surface which builds up to create a voltage drop. 
The voltage drop works against the applied voltage which limits the discharge 
current and extinguishes the discharge. As the applied voltage increases again 
the discharge reignites, this occurs every cycle when using an alternating 
current (AC) (Laroussi, 2002). This self pulsing system prevents thermal 
equilibrium from being established. 
1.2   The artificial generation of plasmas 
Plasmas have been described and studied since the 17th and 18th century 
(Anders, 2003) with the recognition that the northern aurora, southern aurora 
and lightning were in fact naturally occurring plasmas. The development of 
energy storage devices and vacuum systems in the 19th century allowed 
significant understanding of plasma discharges. Faraday popularised 
terminology such as “cathode”, “anode”, “electrode” and “ion”, whilst Sir 
William Crookes pioneered what were to become known as Crookes vacuum 
tubes and it was he who first referred to plasmas as the fourth state of matter 
(Eliezer & Eliezer 2001). By the beginning of the 20th century techniques for 
producing plasmas were well established as were the means of controlling 
them. It was further understood that a partially ionised gas consisted of neutral, 
positive, and negative species (Bogaerts et al., 2002). The term “plasma” was 
coined by Irving Langmuir who was studying mercury arcs and wanted to 
name the main part of the discharge; the exchanges taking place between the 
charged particles reminded him of blood and its role in exchanging important 
compounds throughout the body (Tonks, 1967). By the mid 20th century much 
research had become focused on developing a potentially inexhaustible energy 
source using a high temperature plasma that could be magnetically confined to 
enable fusion power to be exploited. This remains an active area of research 
today to try to solve the energy crisis (Luce, 2011). 
 
From the 1970s the microelectronics industry had undergone a rapid 
development moving away from using chemicals to produce microelectronic 
circuits to using plasmas for their fabrication. Plasma processing now takes up 
as much as one third of the processing time during the fabrication of a modern 
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integrated circuit and has played an important role in the information 
revolution (Lieberman & Lichtenberg 2005). This early work with plasmas 
which revolutionised the microelectronics industry was conducted using low 
pressure systems (Anders, 2005). Applications using low pressure plasmas are 
still found in the production of large-scale micro-electronic circuits, used in 
almost any electronic device such as personal computers, solar cells, plasma 
TV’s and even lighting (Eliezer & Eliezer 2001). Low pressure processes are 
limited by costly vacuum systems and the limitations of batch production. Due 
to these limitations there was an impetus to develop plasmas that could be 
generated at atmospheric pressure. Since the late 1980s there has been 
significant development of a wide variety of atmospheric plasma devices 
(Napartovich, 2001). Atmospheric pressure plasmas are replacing low pressure 
systems in many applications. This offers advantages such as energy savings 
from vacuum systems and the ability to conduct continuous processing. 
Applications include surface deposition (Massines et al., 2005) and surface 
modification and etching (Choi et al., 2006a).  The generation of plasmas at 
atmospheric pressures has allowed new applications to be realised such as 
plasma aerodynamics, removal of contaminants from water and the 
inactivation of pathogens and spoilage organisms (Fridman et al., 2008, 
Cooper et al., 2009, Kong et al., 2009, Isbary et al., 2010, Ermolaeva et al., 
2011, Niemira, 2012a). 
 
Since the first demonstration of the use of atmospheric plasmas for 
inactivation of micro-organisms (Laroussi, 1996), there has been an 
exponential increase in the number of publications  reporting the inactivation 
of a variety of pathogens, viruses, yeasts, moulds, fungi and the treatment of 
cultured tissues (Montie et al., 2000, Muranyi et al., 2007, Venezia et al., 
2008, Fridman et al., 2008, Kong et al., 2009). Plasma systems used to bring 
about microbial inactivation will be considered in section 1.3. The experiments 
that have led to the formulation of proposed inactivation mechanisms will be 
discussed in section 1.4 and the potential future applications of cold 
atmospheric plasmas in section 1.5. 
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1.3   The use of Cold Atmospheric Plasmas (CAPs) for 
inactivating micro-organisms. 
This section of the literature survey focuses on the potential for using 
cold atmospheric plasma systems for decontaminating/sterilising heat sensitive 
materials; this includes biological samples, foods, skin and wounds. In what 
follows plasma systems are characterised according to the type of power 
supply that is used to ignite the plasma discharge. All the plasma devices 
reviewed here are sustained at temperatures below 60˚C (333K); this is 
considered suitable for the treatment of heat sensitive materials.  
1.3.1 Direct Current (DC) Discharges  
Direct current discharges were first used at low pressures and have not 
received much attention for the inactivation of micro organisms at atmospheric 
pressure because the gas temperatures are quite high (Stark & Schoenbach 
1999a, Stark & Schoenbach 1999b, Mohamed et al., 2002, Staack et al., 2005,  
Dudek et al., 2007). DC discharges are used in other applications such as 
silicon micro-machining or the removal of volatile organic compounds 
(methane and benzene) (Wilson & Gianchandani 2001, Jiang et al., 2005). 
Most of the DC power supplies used for inactivating micro organisms are 
pulsed or self pulsing giving lower treatment temperatures and will be 
discussed in the section 1.5.6. 
 
One of the early pioneers in the use of plasma discharges for 
decontamination was Garate et al. (1998). These researchers designed a device 
that had pins protruding from a brass pipe; the pins had tiny holes in the end to 
allow a gas to pass through. Garate et al. (1998) used non electronegative 
gases such as Argon (Ar), Helium (He) and Nitrogen (N), the brass pipe was 
connected to the power supply and was parallel to a grounded plate electrode 4 
cm downstream of the power electrode. This device was versatile in the sense 
that it could be powered by a DC, AC or a pulsed power supply. When 
powered by a DC power supply at 25 kV and 40 W a 5 log inactivation after 
30 s treatment of E. coli in a broth could be achieved and a total of ~8 logs 
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were possible for 12 mins treatment. A log reduction is a 10-fold (one 
decimal) or 90% reduction in numbers of live bacteria 
 
Yu et al. (2007) used a DC plasma source to decontaminate Escherichia 
coli and Micrococcus luteus using Argon (Ar) gas. Depending on the input 
power and gas flow rate the temperature of their plasma ranged from 40˚C - 
160˚C. Plasma was produced with 15 W power and 1500 standard cubic 
centimetres (sccm) Ar gas flow at 125˚C and achieved a 6 log reduction within 
4 and 3 mins for E. coli and M. luteus respectively. Addition of O2 with Ar 
reduced the time taken to produce these log reductions (Yu et al., 2006, Huang 
et al., 2007). Thermal inactivation was deemed not significant because 
separate tests done with these organisms using dry heat only at 125˚C was 
shown to not significantly reduce bacterial numbers after 5 mins treatment. 
 
A variety of different bacterial and fungal species: E. coli, Bacillus 
subtilis, Serraia marcescens, Mycobacterium flavescens, Candida lypolitica 
and Aspergillus niger were inactivated with a DC high voltage power supply 
by Akishev (2008). A plasma jet system was used for this purpose. Although 
the plasma jet electrode configuration for surface treatments was not 
described, three gas compositions were employed (N2, N2 + O2 (2 %) and air). 
The nozzle to sample distance was 7 mm and the plasma plume diameter was 
approximately 3 mm at the agar surface which contained a concentration of 
~2.4 - 7.5x106 CFU/ cm2. Using an input power of ~15 - 20 W, inactivation 
zones of 35 - 45 mm and 50 - 60 mm diameter for 10 s and 120 s treatments 
could be achieved when treating E. coli, S. marcescens and M. flavescens 
respectively. The same configuration brought about inactivation zones of 35, 
40 and 45 mm diameter for 120 s treatment of A. niger, C. lypolitica and B. 
subtilis respectively. Different agar media showed similar diameter zones for 
S. marcescens and M. flavescens. Of the three different gas compositions used 
air was the most effective requiring 7 mins to completely inactivate B. subtilis 
spores impregnated on a test strip. N2 + O2 (2 %) required 10 mins for 
complete spore inactivation whilst with N2 only re-growth after 10 mins 
treatment was observed. Treatment of biofilms cultured for 14 days showed ~7 
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log reductions could be achieved in 30 and 20 s for heterotrophic and sulphate 
reducing bacteria respectively. Culturing the heterotrophic biofilms on metal 
or plastic coupons revealed different susceptibilities to plasma inactivation, 
30s and 60s for metal coupons and plastic coupons to achieve a 5 log reduction 
respectively. 
 
The same authors also investigated inactivating E. coli and B. subtilis 
(vegetative cells and spores) in liquids using a pulsed repetitive streamer 
discharge between multi-pin and plane electrodes separated 10 - 15 mm apart. 
Plasma was generated inside gas bubbles that were formed by passing air at a 
high flow rate into the treated solution. Starting concentrations of bacteria and 
spores were ~105 – 106 CFU/ ml. Inactivation of E. coli showed an initial slow 
phase of inactivation (often referred to as a shoulder) followed by a rapid 
increase in the inactivation rate. Recovery of bacteria with fish meal 
hydrolyzate agar (FMH) a rich media source required 7 mins for complete 
inactivation. Complete inactivation in 3 mins for the same 30 W power was 
shown when bacteria were recovered using M9 agar (minimal media). This 
suggests the plasma treatment is causing sub lethal injury to a large proportion 
of the bacteria which affects their ability to survive on a minimal medium. A 
similar result was observed for B. subtilis vegetative cells and spores. 
Increasing the power from 30 to 60 W showed a decrease in the time required 
for complete inactivation of E. coli but at 60 W power the inactivation of 
B. subtilis spores was < 2 log reduction for 10 mins treatment. Inactivation of 
biofilms in the liquid revealed less difference between biofilms cultured on 
plastic or metal coupons, a total treatment time of 400 s achieved a 5 log 
reduction for both materials. 
  
Kolb et al. (2008) used a stable glow at atmospheric pressure by 
confining the glow discharge to a micro hollow cathode (MHCD) geometry as 
shown in figure 1.4. Depending on the gas flow and distance of the sample to 
the nozzle, temperatures could be as low as 35˚C. Treatment of Candida kefyr 
with a gas temperature of 45˚C at 8 L/ min for 90 s could inactivate a 1cm2 
area on an agar surface, no inactivation outside the treated region was 
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observed. This same plasma treatment was repeated ten times on the same 
piece of skin of hairless SKH-1 mice and showed no signs of thermal damage 
or change when compared with the skins of untreated mice.  
 
Fig 1.4: Schematic of Kolb Micro hollow cathode discharge geometry (Kolb et al., 
2008).  
Using the same plasma jet design Feng et al. (2009) demonstrated 
inactivation of a variety of different bacterial strains. One Gram negative 
species (E. coli) and five Gram positive species, Staphylococcus aureus, 
M. luteus, Bacillus natto, B. subtilis and Bacillus megaterium were treated; 
B. subtilis spores were was also treated. Bacteria were spread onto an agar 
surface prior to treatments at a concentration of ~1500 CFU/ plate. Samples 
were treated 1 cm away from the jet nozzle resulting in a surface temperature 
of 38˚C for a 400 V, 20 mA discharge using 2 SLM compressed air as the gas 
flow. Plasma treatment was over a 2 x 2 cm2 area and did not directly contact 
the agar surface. Short treatment times of 30 s could eliminate the entire 
vegetative Bacillus species inside the treatment region, less than 10 and 5 % 
reduction in viability was observed for M. luteus and E. coli after 30 s 
respectively. Interestingly, for 30 s treatment the untreated region of the agar 
showed significant reductions of M. luteus down to ~10 and ~70 % for E. coli. 
A treatment time of 90 s was shown to inactivate all bacteria inside and 
outside the treatment region for M. luteus, B. natto, B. subtilis and 
B. megaterium whereas ~ 20 - 30 % bacterial survival was observed for E. coli 
and S. aureus outside the treatment region. B. subtilis spores showed ~ 6.5 % 
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survival after 90 s treatment and no inactivation was observed outside the 
treatment region.  
 
The same group using a different gas composition recently demonstrated 
inactivation of three Candida species (Sun et al., 2011). A He gas flow 
(2.5slm) with a 2 % O2 admixture was used instead of air. The Candida 
species were spread over an agar surface and a treatment area of 2 x 2 cm2 was 
shown to be totally inactivated within 2 mins for C. glabrata, ~90 % in 5 mins 
for C. albicans and ~90 % in 10 mins C. krusei. The area of the agar surface 
not directly treated with plasma showed ~90 % inactivation after 10 mins. 
Treating 20 ml of water containing ~1-3x106 CFU/ ml of the same yeast led to 
significant inactivation within 30 s treatment and 100 % inactivation in 1 min. 
Using 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl] 
(XTT assay) to assess cell respiration showed inactivation of all metabolic 
activity after ~1 min except for C. albicans which required 4 mins treatment 
for complete inactivation. It was also reported that the minimum inhibitory 
concentration of an antifungal agent (Fluconazole) required to inhibit 50 % of 
the population was significantly lowered after ~ 1 min plasma treatment. Liu et 
al. (2010) and Bai et al. (2011) have also demonstrated inactivation of 
S. aureus in 19 ml H2O + 1 ml bacterial suspension using the same Micro 
Hollow Cathode Discharge. Liu et al. (2010) used 2.5 slm of compressed air 
for their treatments and showed a significant pH drop during treatment, the pH 
dropped from 7.5 to ~4.5-5 after 10 mins treatment and only inactivated <10 
% of the bacteria. Significant inactivation was observed for treatment times 
between 10-16 mins after which, the pH was ~4.5-4. Pre setting the bacterial 
solution to pH 4.2 and exposing bacteria for 20 mins inactivated < 10 %, 
similar levels of inactivation were also shown when treating the bacterial 
solution at 40˚C for 20 mins. This suggests that the pH and temperature were 
not contributing to the significant inactivation observed for plasma treatment 
times between 10-16 mins. Plasma treatment of a bacterial solution pre set to a 
pH of 4.5 resulted in a faster inactivation, 6 mins compared to the previous 16 
mins to reach 100 % inactivation. During treatment the acidity of the solution 
dropped further to a pH of 3.7. The authors concluded that the acidity of the 
solution and the interaction of plasma activated species such as the OOH• 
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radical that is formed from the super oxide radical at a pH lower than 4.88 was 
responsible for the inactivation. In contrast to this, Bai et al. (2011) used a He/ 
O2 (2 %) gas mixture at a flow rate of 2.5 slm to inactivate S. aureus. Using 
this mixture resulted in a drop in pH of only 1.5 after 10 mins treatment. 
Shorter treatment times for 100 % inactivation were achieved when compared 
with treatments using compressed air. A treatment time of 6 mins was required 
for 100 % inactivation of S. aureus; a direct comparison cannot be made with 
the work of Liu et al. (2010) because the starting bacterial concentration was 
not stated and differences in the starting bacterial concentration could affect 
inactivation rates. The authors believed the hydroxyl radical (OH•) played a 
key role in inactivation because its concentration was measured using Electron 
Spin Resonance (ESR) and the addition of OH• scavengers delayed the 
inactivation.  
 
Using a DC power supply to treat liquids has also been studied by 
Korachi et al. (2009). The electrode configuration consisted of two Nickel-
Chromium electrodes, one submerged in the solution being treated and the 
other suspended 1 cm away from the solution surface. Solutions were 
constantly stirred during treatments and increasing the applied DC voltage 
from 12 kV to 20 kV was shown to have no effect on the inactivation rate if 
the current remained the same (~90 mA). Although the starting concentration 
was not stated, complete inactivation of E. coli, S. aureus and Pseudomonas 
aeruginosa could be achieved in 2 mins, Streptococcus mutans was inactivated 
in 4 and 3 mins when the temperature of the treated solution was 45 and 30˚C 
respectively. Treatments of 80 mins duration were shown to inhibit the growth 
of A. niger whilst C. albicans was still capable of surviving 90 mins of 
treatment. B. subtilis was shown to be very resistant to plasma treatment with 
greater than 300 CFU being detected after 120 mins treatment. The DC 
treatments were shown to be more effective when compared with the same 
configuration powered by an AC power supply. In another test with the same 
experimental setup except for the electrodes which were changed to tungsten, 
Korachi et al. (2010) showed that 20 kV discharge rapidly lowered the pH of 
the treated solution. Treatment times of 20 mins lowered the pH from 7 to 
below 2. Changes in the pH were not attributed to E. coli inactivation because 
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the treatment times required for complete inactivation (2 mins) only lowered 
the pH to ~6. S. aureus inactivation however required 6 mins for complete 
inactivation, this treatment time lowered the pH to below 4 so may have 
contributed towards inactivation. The study also showed that plasma treatment 
did not induce significant changes in the lipids that would have led to 
membrane damage to either of the bacterial strains. Another similar 
experimental setup by Korachi and Aslan (2011) was used to show plasma 
treatment effects in bacterial DNA. A stirrer was not used to mix treated 
solutions in this arrangement; instead the powered electrode was attached to a 
motor that rotated the electrode during treatments. It was shown that the 
bacterial DNA was being degraded during plasma treatment for a variety of 
different bacterial species. Interestingly, the time scale was much longer (10 
mins) for DNA degradation than the 2 mins needed to completely inactivate 
E. coli, suggesting DNA damage is a secondary, or delayed, effect of 
inactivation. 
1.3.2 Alternating Current (AC) Discharges 
AC discharges are one of the most common discharges mentioned in the 
literature for inactivation applications because they operate at relatively low to 
medium frequencies ranging from 1 Hz to 3000 kHz allowing the gas 
temperature to remain relatively low. Kanazawa et al. (1988) developed a 
stable atmospheric glow discharge using a Dielectric Barrier Discharge (DBD) 
where at least one of the electrodes was covered by a dielectric material.  
 
Early work performed by Laroussi (1996) using a parallel plate DBD 
similar to that employed by Kanazawa et al. (1988) showed that bacteria could 
be inactivated by such an arrangement. The plasma rig is shown schematically 
in figure 1.5. Using He gas with an admixture of air at a frequency range of 1-
100 kHz and voltage of 0-5 kV RMS achieved a 6 log reduction of 
Pseudomonas fluorescens within 10 mins. 
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Fig 1.5: Schematic of a parallel plate Dielectric Barrier Discharge (Laroussi et al., 
2000). 
Experiments with E. coli on nitrocellulose filters showed a 6 log 
reduction within 3 mins for 17 kHz frequency at 5 kV, but in a liquid broth 
only a 2 log reduction was observed after 10 mins treatment (Laroussi et al., 
2000). P. aeruginosa appeared more resilient when compared to E. coli 
because it took 15 mins for a 5 log reduction and treatment in the liquid broth 
achieved less than 1 log reduction for 15 mins treatment of E. coli. 
 
Developing the parallel plate DBD further Laroussi et al. (2002) 
designed a parallel plate Resistive Barrier Discharge (RBD). The configuration 
is the same as the parallel plate DBD Laroussi first used but in this device the 
dielectric material had been changed for a high resistivity material. The 
resistive material acts similarly to the dielectric barrier by not allowing the 
current to build up to cause the discharge to arc. This RBD could be operated 
using either a DC or AC power supply and has been shown to reach a 4 log 
reduction in 10 mins of vegetative B. subtilis at 60 Hz in a 97/ 3 % blend of 
He/ O2 gas. Morphological changes were also revealed by SEM for treated 
E. coli but not for B. subtilis (Laroussi et al., 2003).  
 
A low frequency device that is similar to Laroussi’s parallel plate DBD 
was made at the UTK Plasma Science Laboratory and, was referred to as the 
“One Atmospheric Uniform Glow Discharge Plasma” (OAUGDP) (Kelly-
Wintenberg et al., 1998). The OAUGDP operated at a low frequency of 1- 
8 kHz and a voltage of 2-6 kV in air. The electrodes are water cooled with an 
electrode spacing of 5 mm or less. This electrode configuration was shown to 
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kill a wide range of organisms including Gram negative bacteria (E. coli, 
P. aeruginosa and S. marcescens), Gram positive bacteria (S. aureus), Spores 
(Bacillus stearothermophilus, B. subtilis var. niger and Bacillus pumilus), 
Yeast (C. albicans) and the Bacteriophage (Phi X174) (Kelly-Wintenberg et 
al., 1999). All of these organisms were treated on a wide variety of surfaces 
and showed different resistances when exposed to plasma. Gram negative 
bacteria were found to be most susceptible to the plasma followed by Gram 
positive bacteria, then yeast and spores. The most resistant organism was the 
bacteriophage; it required 15 mins for a 6 log reduction compared to E. coli 
that only required 70 s exposure for a >5 log reduction. 
 
The same group based at the University of Tennessee also adapted the 
OAUGDP to sterilize air filter systems and referred to it as the ‘Volfilter’ 
(Kelly-Wintenberg et al., 2000). Log reductions of 6 and 4 were reached after 
10 mins treatment for S. aureus and the bacteriophage Phi X 174 respectively. 
Because the OAUGDP has two parallel plates that are too close for the 
treatment of large 3D objects, Roth et al. (2000) developed a Remote 
Exposure Reactor (RER) where the plasma was produced in one compartment 
and the plasma species were then blown by an air flow into another 
compartment where the sample for treatment was located. The test sample was 
~20 cm away from the final plasma panel which allowed the treatment of large 
3D samples with plasma species as shown in figure 1.6. The temperature for 
this plasma system was maintained below 49˚C during treatment. A 4 log 
reduction of E. coli could be achieved in 25 s treatment, but it was found that 
recirculating the air blowing the plasma species through to the compartment 
containing the sample resulted in, a greater log reduction, ~6 in 26 s. 
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Fig 1.6: Schematic for the Remote Exposure Reactor (RER) (Roth et al., 2000). 
 
Critzer et al. (2007) demonstrated that the natural microflora associated 
with foods could be readily inactivated using a plasma. Bacteria revealed 
themselves to be more resistant to the OAUGDP when inoculated onto fresh 
food samples than when on the surfaces of fresh agar media. Listeria 
monocytogenes appeared to be the least resistant of the species examined to 
the OAUGDP with a 6 log reduction being attained after 1 min on media; 
whereas it took 5 min to reach a 6 log reduction on fresh iceberg lettuce 
leaves. The OAUGDP has also been used to decontaminate a wide range of 
food borne bacteria on microscope slides coated with a non selective agar 
(Kayes et al., 2007).  
 
Other similar parallel plate DBD plasmas have been shown to 
decontaminate many similar organisms with a wide variety of times due to 
differences in bacterial species tested and configurations used. Shi et al. 
(2008b) achieved ~ 5 log reduction of C. albicans within 25 s on glass slides 
in air as the discharge gas. Sun et al. (2007) could inactivate 5 logs of E. coli 
and S. aureus on cover glass slides within 120 s using an air discharge gas. Yu 
et al. (2005) showed a decrease in mitochondrial activity after 1 min of 
treatment and a release of internal proteins when treated with 8 kV at 5 kHz in 
He gas. SEM images showed rupturing of cell membranes. Panikov et al. 
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(2002) achieved 4 log reduction of B. subtilis spores in a He gas and 8 logs in 
an air discharge.  
 
Another in pack sterilisation was also conducted by Chipper et al. (2011) 
treating fish samples inoculated with bacteria with a DBD. Samples were 
placed between Aluminium parallel plate electrodes separated by 5 mm gap 
spacing. Lactobacillus sakei, Photobacterium phosphoreum and 
L. monocytogenes were used for inactivation studies.  Mixtures of 4-5 isolates 
for each bacterial species was treated for 60 or 120 s. For an applied voltage of 
13 kV with a frequency of 16 kHz with Ar gas P. phosphoreum was 
inactivated by ~5 logs/g for both treatment times. and L. sakei spread on an 
agar surface was inactivated by ~1-2 logs/g for 120 s and <0.2 log/g in 60 s. 
Inactivation of fish samples were conducted in pack with Ar only or Ar with 
an admixture of 7 % CO2 gas composition. There was no significant 
inactivation of L. sakei or L. monocytogenes inoculated on fish samples. For 
P. phosphoreum ~3 log CFU/g for 6-120 s treatment was achieved in pack for 
13 kV at a frequency of 15 kHz. There was no significant difference for 
inactivation between the two different gas compositions. Plasma treatment did 
not affect the re growth of bacteria which survived plasma treatment after 13 
day incubation. Treatments were shown to damage the packaging material and 
affected the water contact angle and had a negative effect on sensory quality. 
 
A coaxial jet configuration which uses a powered electrode covered by a 
glass ceramic sheath which was in turn inserted inside a glass tube was used 
by Deng et al. (2006) to inactivate spores; a schematic for the jet is given in 
figure 1.7. This jet used a floating ground electrode to inactivate B. subtilis 
spores, and it was shown that the sporulation temperature and starting 
concentration of spores affected their resistance to plasma treatment (Deng et 
al., 2005). The higher the sporulation temperature and higher the starting 
concentration of spores the longer was the time needed for the same log 
reduction. This Atmospheric Pressure Glow Discharge (APGD) could 
inactivate 5 logs in 10 mins of B. subtilis on membrane filters. The highest log 
reduction was 6 but, this was achieved when the sporulation temperature was 
22˚C, the lowest sporulation temperature tested. 
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Fig 1.7: Schematic of cold atmospheric plasma jet (Deng et al., 2006). 
 
Yu et al. (2006) used a similar device to that of Deng et al. (2006) but 
instead of using a floating ground electrode they used a grounded electrode 
that was wrapped around the glass tube that covered the ceramic covered 
power electrode. It was found that the starting concentration of E. coli affected 
the log reduction that could be achieved over a given period of time.  
 
A simpler jet was used by Perni et al (2008a), this device has a copper 
power electrode wrapped around a ceramic tube that the gas flows through. 
Using a He/ O2 gas mixture a plasma discharge was achieved at 12 kVpp. This 
plasma jet showed the same efficiency for decontaminating a variety of 
bacteria on membranes and the pericarps of fresh fruit (cantaloupe and mango) 
at 16 kVpp with a frequency of 30 kHz. Plasma exposure times of 5 s produced 
a 6 log reduction for E. coli type 1.  
 
The micro-organisms that have been inactivated by this plasma jet were 
E. coli type 1, Pantoea agglomerans, Gluconobacter liquefaciens, 
L. monocytogenes and the yeast Saccharomyces cerevisiae (Perni et al., 2008a, 
Perni et al., 2008b). The same group had discovered a reduced efficiency of 
inactivation in bacteria when deposited onto fresh cut fruit surfaces of 
cantaloupe and mango (Perni et al., 2008b). The authors speculated that this 
was due to the interstitial spaces between fruit cells a path for bacteria to 
migrate away from the plasma source. Further tests proved that bacteria could 
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migrate through thin slices of fresh cut fruits at varying rates that were 
determined by different cellular organisation in the fruits used. 
 
In addition to treating fresh cut fruits the same plasma system was also 
used to inactivate L. innocua on membrane filters, chicken muscle and skin. 
He with an admixture of O2 was used for plasma jet treatments. A variety of 
different sample to jet distances, frequencies and applied voltages were tested 
to investigate the best inactivating conditions. L. innocua deposited on 
membrane filters were inactivated >3 logs CFU with 5 slm He, 25 sccm O2, 
1 cm jet to sample distance and 9 or 11 kV applied voltage at a frequency of 
23 kHz. For the same treatment conditions on chicken skin except for a higher 
frequency of 30 kHz, a 1 log reduction was achieved in 8 mins treatment. The 
surface topography of the skin was deemed to greatly affect the inactivation 
allowing bacteria to shield from plasma treatment. For the plasma treatment of 
bacteria deposited on muscle 8 mins treatment achieved a ~0.5 log for 11 kV, 
30 kHz. L. innocua deposited on a filter placed on chicken muscle achieved 
~ 3 log reduction in 4 mins treatment. The best conditions that achieved this 
log reduction was 16 kV, 30 kHz, 5 slm He and 100 sccm O2. 
 
Deng et al. (2007a) treated almonds contaminated with E. coli using a 
non thermal DBD. Almonds inoculated with E. coli were placed directly in the 
discharge between the electrodes that were separated by 10 mm. Inactivation 
was conducted with three different voltages and four frequencies. The greatest 
inactivation (>5 logs) was achieved after 30 s treatment using the highest 
voltage (25 kV) operating at the highest frequency (2.5 kHz). The growth time 
of the bacteria varied slightly with 12 hrs growth being more susceptible to 
plasma treatment than 48 hrs. All inactivation curves were linear following 
first order kinetics.  
 
A gliding arc cold plasma was shown to reduce E. coli O157:H7 and 
Salmonella Stanley on golden delicious apples by 2.9 and 3.7 logs 
respectively. These log reductions was achieved using an applied voltage of 
15-20 kV applied a 60 Hz (Niemira & Sites 2008). 
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Klockow and Keener (2009) used a plasma system to generate ozone in 
pack to inactivate E. coli O157:H7 deposited on spinach leaves. The electrodes 
consisted of coils of wire wrapped around a dielectric base operating at a 
frequency of 60 Hz with an applied voltage of 12 kV at a power of 40 W. 
Inoculated spinach samples were placed inside bags containing air or O2, the 
electrodes were positioned above and below the bag for treatments and were 
separated by a 3-3.5 mm gap. After 5 mins treatment the bags were stored at 
22 or 5˚C for up to 24 hrs. The longer the storage for both temperatures saw 
the greatest log reductions and using an O2 gas for treatments and storage was 
noted as having better inactivation compared to air. Log reductions of 4.6 and 
5.8 were achieved with air and O2 gas stored at 5˚C for 24 hrs respectively. 
Log reductions of 4 and 6.4 were achieved with air and O2 gas stored at 22˚C 
for 24 hrs respectively. Higher ozone levels were initially generated when the 
bags were filed with O2 compared to air. This may explain why the 
inactivation was greater in an O2 gas. Spinach samples treated in air changed 
from the initial green colour to having spots of yellowish-brown discoloration 
after 24 hrs of storage. Samples treated with oxygen changed from green to 
white after 24 hrs of storage. The authors noted that fresh leafy produce has 
previously been shown in other studies to be sensitive to gaseous ozone 
treatment. 
 
The plasma group based in Greifswald have used an RF plasma jet 
called a KINPen06 which consists of a powered rod electrode inside a quartz 
capillary which has a grounded ring wrapped around. Powering with an RF 
frequency between 1-2 MHz with a gas flow of Ar with or without the 
admixture of O2 has shown inactivation of a variety of different bacteria, 
fungus and parasites. Fricke et al. (2012) demonstrated a 4 log inactivation of 
Bacillus atrophaeus in 180 s on a polystyrene and polyethylene substrate with 
a Ar/ O2 gas mixture. The admixture of oxygen was shown to increase the 
inactivation when compared with Ar alone. XPS revealed an increase in polar 
groups on the substrate surface with a decrease in the contact water angle. 
AFM showed spike like structures for both substrates which suggest they were 
being etched by the plasma treatment. In a separate study Fricke et al. (2011) 
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also demonstrated the etching of several different polymers, the Ar/ O2 gas 
mixture also shown to have a greater etching effect than an Ar only gas flow.  
 
The same jet plasma system was also shown to inactivate 11 different 
microbial species (bacteria and yeast) spread on an agar surface (Daeschlein et 
al., 2012c). Different susceptibilities to the plasma were observed between the 
different species for a 3 s treatment. The order of susceptibility from highest to 
lowest was P. aeruginosa (40.4 mm2 inactivation zone), Candida albicans, 
Klebsiella group (K. Pneumonia and K. oxytoca), Stenotrophomonas, E. coli, 
Enterococcus faecalis, S. aureus, Staphylococcus epidermidis, Hemolysing 
Lancefield streptococci group A and B, Proteus group (P. mirabilis and 
P. vulgaris) and Acinetobacter species (13.2 mm2). Ten different isolates for 
each of the 11 different species were treated except for Stenotrophomonas 
which only had 5 isolates. It was shown that pulsing the plasma jet system 
reduced the inactivation effect and altered the order of susceptibility compared 
to continuous treatment.  
 
The same group also showed the immobilisation of the parasite 
Demodex folliculorum and inactivation of fungal species (Trichophyton 
rubrum, Trichophyton  interdigitale and Microsporum canis) on agar surfaces 
with this plasma jet system (Daeschlein et al., 2010, Daeschlein et al., 2011). 
In addition to treating bacteria on abiotic substrates the KINPen06 has 
inactivated S. epidermidis and M. leuteus artificially contaminated on skin 
achieving a 1.4 log reduction for both species with 120 s treatments 
(Daeschlein et al., 2012a). A log reduction of 0.8 for physiological bacteria of 
the skin was achieved in 60 s. Wende et al. (2010) had demonstrated that the 
KINPen06 plasma jet was capable of selectively inactivating S. epidermidis 
that had been co-cultured with HaCaT mammalian cells treated for 40 s. 
HaCaT cells were still capable of growing and dividing after treatment. More 
recently the KINPen06 revealed that 30 s treatment of mHepR1 (murine 
hepatocyte cells) in cell medium stopped cells from being capable of adhering 
to the surface. Cells could still not reattach after 24 hrs (Hoentsch et al., 2012). 
Moreover treatment times greater than 60 s was found to significantly affect 
the vitality of the mHepR1 cells. Plasma treatment of culturing medium alone 
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was enough to affect adhesion and vitality of cells. Plasma treatment was also 
shown to impact cell to cell adhesion. Separate experiments also demonstrated 
that plasma jet treatment does not affect the skin barrier but there was a loss of 
transepidermal water by 5-20 % (Daeschlein et al., 2012b). Pulsing the plasma 
jet caused a greater loss of transepidermal water loss. Water loss was shown to 
normalise after 30 mins.   
Winter et al. (2011) from the same plasma group treated B. subtilis 
bacteria in a vegetative form with a DBD argon plasma and studied the effects 
on protein expression. The bacteria were contained in a liquid media with a 
grounded cylinder rotating a thin film of the suspension (10 µm) into the 
plasma discharge. A 7 kHz frequency operating at 20 kVpp with a power of up 
to 5 W treatment for 15 mins saw membrane damage to cells but only after 
60 mins suggesting that membrane damage is a secondary effect. The plasma 
treatment induced the up-regulation of two cell surface proteins by >4 fold. In 
addition, 62 cell envelope associated genes were also found to be up regulated. 
DNA damage was detected due to the induction of proteins involved in DNA 
repair. Oxidative stress proteins were also up regulated as well as 27 fur 
regulated genes important for iron homeostasis and Fenton chemistry with 
hydroxyl radicals. 
 
1.3.3 Radio Frequency (RF) Discharges 
For the purposes of this review a plasma discharge is considered to be a 
RF discharge if a high frequency between 3 MHz and 300 MHz is used. There 
are not many atmospheric RF plasma systems that have been applied for 
bacterial decontamination on heat sensitive materials because they tend to be 
generated at elevated gas temperatures. The literature contains reports from 
four research groups that fulfil the low temperature constraint (60˚C) and have 
demonstrated a variety of different biological applications that plasma could 
be potentially used for. 
 
Koulik et al. (1999) produced an early RF multiple plasma generator that 
used short pulses ~20 ms generated at 3 MHz to treat the inner surfaces of 
bottles and tubes. This plasma generator produced a 3 log reduction of 
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Byssochlamys nivea, a fungus capable of surviving in acidic conditions and 
high temperatures, and was able to alter the morphology of several different 
spores (B. subtilis, B. stearothermophilus and B. pumilus). Plasma treatment of 
the bottles never resulted in a temperature above 50˚C and even removed 
compounds such as limonene. Analysis of the bottles demonstrated that the 
residual gas concentrations of such species such as O3, NO2, NO3 and NH3 
were below the excepted levels after plasma treatment. 
 
An RF open air slot micro plasma that can be tens of centimetres in 
length was used by Sharma et al. (2005). This plasma device creates plasma 
between two electrodes and its effluent flows out into the air (7 cm) to treat the 
sample. These workers demonstrated that E. coli could be inactivated by 
60 MHz and 13.56 MHz powered plasmas in Ar/ O2 and He/ O2 gases. The 
60 MHz was shown to produce a greater log reduction over the same time 
scale compared to 13.56 MHz. Ar/ O2 gas showed greater log reductions than 
He/ O2 achieving a 5 log reduction in ~1 s (Sharma et al., 2005, Sharma et al., 
2006). 
 
Stoffels’ group at Eindhoven University of Technology first developed 
an RF powered plasma needle (Stoffels et al., 2002). The needle was made of 
stainless steel which acted as the powered electrode and was placed inside a 
grounded metal cylinder. The plasma was generated at a frequency of 
13.56 MHz in He gas to produce a small glow ~0.1 - 1 mm at the tip of the 
needle. The plasma could be generated using a variety of different gases and 
gas combinations. Testing the plasma on a polyethylene film, moistened paper 
tissues and plant leaves showed that the glow spreads out onto the surface 
being treated to a diameter ~0.5 mm and after minutes of treatment no damage 
was observed, but the samples were not analysed microscopically and it 
remains possible that the surfaces of these materials might have been affected. 
Characterisation of the needle with Optical Emission Spectroscopy (OES) 
allowed the temperature of the plasma to be calculated for a variety of 
different conditions. The temperature could range from up to 500 K to as low 
as 300 K by varying the input power. 
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The plasma needle has also been used to investigate the effects of 
treatment on mammalian cells (Stoffels et al., 2003). Using low power levels 
of 0.1 W in a helium gas with a small admixture of air from the atmosphere, 
Chinese hamster ovary cells (CHO-K1) and lung carcinoma MR6 cells were 
exposed to the plasma. Treatment resulted in a disruption of the cells adhesion 
proteins which resulted in cell detachment and was characterised by a 
structural change in the cells’ shape to yield a rounder structure. These cells 
remained viable and could re-attach to other cells within 4 hrs after treatment 
and cells could become confluent within 24 hrs. This time scale is consistent 
with the production of new proteins to replace damaged ones and this 
phenotype was observed for both cell lines suggesting a common mechanism 
of plasma treatment and cell repair. Treatments at higher input powers caused 
necrosis of the cells.  
 
The plasma needle was further developed by covering the entire metal 
needle except the tip with glass. This stopped the plasma travelling up the 
needle when higher power and voltages were used. The covered needle was 
then housed inside a perspex tube that allowed gas to flow through and is 
shown in figure 1.8 (Kieft et al., 2005).  
 
Fig 1.8: Schematic representation of the RF powered plasma needle (Sladek & Stoffels 
2005). 
 
The same cell detachment phenotype could be observed for Bovine 
aortic endothelial cells (BAEC) and Rat aortic smooth muscle cells (A7r5). 
The plasma needle was also able to enhance the attachment of cells for short 
treatment times, and depending on the plasma conditions, was able to induce 
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cell apoptosis for up to 20-40 % of the cell population (Kieft et al., 2006, Kieft 
et al., 2004). 
 
As well as tests with mammalian cells, the plasma needle has been tested 
in a feasibility study for the treatment of dental caries where it resulted in a 
temperature rise of only 2.3˚C whilst achieving a 2.5 log reduction in E. coli in 
2 mins (Sladek et al., 2004). Decontamination of E. coli on agar plates was 
also studied and a 5 log reduction could be achieved in 50 s (Sladek & Stoffels 
2005). Heat effects during the decontamination process demonstrated that 
49˚C treatment for 5 mins could inactivate ~8 logs and even 40˚C could 
inactivate ~7 logs indicating that heat played a role in deactivation for plasma 
systems at temperatures greater than 40˚C depending on the treatment times 
used. The plasma needle was also capable of killing S. mutans a Gram positive 
bacterium (Goree et al., 2006). Although this plasma system was based on the 
previous needle configuration the frequency was lower ~7 MHz and a 
grounded metal plate was positioned downstream of the plasma to produce a 
glow that flowed to the sample. 
 
Further characterisation of the plasma needle with mass spectroscopy 
shows that with a certain radicals such as NO, OH˙, OH⁻, atomic Nitrogen and 
Oxygen were major constituents of the plasma and could help to kill bacteria 
or, by careful tuning, be used to help stimulate apoptosis in damaged living 
human tissues avoiding inflammation (Stoffels et al., 2007, Stoffels et al., 
2006).  
 
The third atmospheric type of RF plasma which operates at a 
temperature below 60˚C is that described by Abramzon et al. (2006). Tests 
was carried out on Chromobacterium violaceum biofilms using a frequency of 
13.56 MHz, power 4.8 W and a He/ N2 gas composition with a flow rate of 
20.4 and 0.305 L/ min respectively. The temperature of the operating plasma 
system was found to be 52˚C and was tested from 1- 60 min. The reduction in 
viability achieved after 5 and 60 min were ~2.5 and ~ 4 log respectively but 
due to the temperature of this device and comparisons with Stoffels heat test 
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with E. coli it can be surmised that temperature is the major factor for 
inactivation and not the plasma species. 
 
Vleugels et al. (2005) used a medium frequency RF plasma at 460 kHz 
that was produced between two parallel plates with a He/ O2 gas flow. The 
temperature of this system was ~70˚C and therefore the sample being treated 
was placed downstream away from the discharge region. Treatment of 12 hr 
grown samples of Pantoea agglomerans biofilms could reach ~3 log 
reductions in 25 mins and for 24 hrs a log reduction of ~1.25 log in 10 mins 
with no improvement on the log reduction for up to 60 mins after. Treatment 
of fresh bell peppers with this system revealed no significant effect on the 
colour of the samples tested showing that plasmas have potential for the 
decontamination of fresh organic foods and materials.  
 
A plasma group from the republic of Korea used an RF plasma system to 
inactivate a variety of different pathogenic species on several different food 
products. The plasma system used consisted of a powered rod electrode 
(15 mm diameter and 110 mm length) covered with a dielectric material and a 
bottom ground electrode placed under the powered electrode that was used as 
a base for material treatment. An RF frequency of 13.56 MHz was used with a 
Helium gas flow of 10 slm. Treatment of a 3 strain mix of L. monocytogenes 
deposited on cheeses slices with 75, 100, 125 and 150 W for 120 s achieved 
log reductions of 1.7, 2.78, 5.82 and >8 respectively (Song et al., 2009). 
Treatment of ham saw a reduced inactivation effect with only 1.73 log 
reduction for 150 W treatment for 120 s. The same plasma system was also 
used to treat pork samples (Moon et al., 2009). For these treatments a lower 
flow of He gas was used (4 slm). Treatment temperature was 60˚C but showed 
negligible thermal effects. There was a low inactivation of ~0.5 log reduction 
after 30 s treatment which was comparable to UV treatment. 
 
The same plasma system was also used to inactivate L. monocytogenes, 
E. coli and Salmonella Typhimurium inoculated on bacon (Kim et al., 2011). 
Three different power inputs were used (75, 100, 125 W) with a gas flow of 
He (10slm) or He/O2 (10 slm/ 10 sccm). The highest power (125 W) was 
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shown to give the greatest inactivation for all pathogens and total aerobic 
bacteria (TAB) and the addition of O2 was shown to improve inactivation. 
L. monocytogenes, E. coli and Salmonella were inactivated by 2, 1.6 and 1.5 
logs for 90 s treatment at 125 W with a He/O2 gas composition. TAB were 
inactivated by 4.58 logs and showed no bacterial recovery after 7 days 
incubation but lower powers of 100 and 75 W showed bacterial recovery for 
He/ O2 gas composition. Moisture evaporation was shown for treatments and 
could potentially explain the colour changes that were also observed. 
Thiobarbituric acid reactive substances (TBARS) assay for measuring lipid 
peroxidation was shown to remain similar or decrease immediately after 
plasma treatments when compared to control samples. After 7 days incubation 
TBARS showed an increase in lipid peroxidation for all plasma treatments 
compared to control samples except for 90 s treatment with 125 W which 
remained similar. The increase in TBARS values for plasma treated samples 
was shown to never exceed the values measured for control samples on 0 day 
incubation.  
 
1.3.4 Microwave Discharges 
Microwave discharges range from a frequency of 300 MHz to 30 GHz 
but the most common frequency used for atmospheric microwave plasma is 
2.45 GHz. The increase in power density of a microwave ignition source push 
microwave discharges closer to thermal equilibrium when compared with the 
lower frequency discharges described above. This is because there is an 
increase in elastic collisions as well as inelastic collisions which raises the 
kinetic energy of the neutral species. 
 
Because microwave discharges are the hottest compared to the other 
types of discharges mentioned above there are not many groups that have used 
a microwave plasma source less than 60˚C for the decontamination of bacteria. 
Although microwave plasmas have been used for gas cleaning (Jasinski et al., 
2002), surface cleaning (Jasinski et al., 2001, Thiebaut et al., 2003), surface 
coating (Pfuch & Cihar 2004), waste treatments (Suzuki et al., 1997) and 
material machining (Al-Shamma'a et al., 2002). 
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Low pressure microwave plasma sources operate at lower densities when 
compared with atmospheric plasmas enabling better control over the gas 
temperature due to fewer elastic collisions heating up the ions. As a result of 
this there are many groups that have used low pressure microwave plasmas for 
microbial decontamination (Moreau et al., 2000, Moisan et al., 2002, Monna 
et al., 2002). 
 
Recently one group has published results that show an atmospheric 
microwave plasma system operating in pure Ar. At a flow rate of 2.2 slm, 
frequency of 2.45 GHz and power 85 W this plasma jet was capable of 
inactivating E. coli pre-grown on agar plates (Shimizu et al., 2008). The 
temperature of the device could be as low as ~27˚C at a distance of 20 mm 
from the nozzle, the distance at which E. coli was treated. The maximum 
temperature was reported to never have exceeded 47˚C for any of the 
experiments conducted.  
 
Park et al. (2003) first developed a microwave plasma system that was 
able to inactivate a wide variety of species ranging from fungi (A. niger and 
Penicillium citrinum) to bacteria, and included both Gram negative (E. coli, 
P. aeruginosa and Salmonella Typhimurium) and Gram positive (B. subtilis). 
The fungal species showed greater sensitivity towards the plasma treatment 
giving a ~5 log reduction after 1 s treatment. Further experiments with 
additional fungal species also demonstrated a 5 log reduction at times below 
1 s (Park et al., 2004). Using the same microwave system Lee et al. (2005) 
were able to inactivate E. coli and MRSA after 1 s treatment. This was faster 
than the first tests on E. coli conducted where it took ~5 s treatment for ~7 log 
reduction, but the starting concentration of bacteria may affect this result as it 
was an order of magnitude lower than previous tests. This microwave plasma 
system has also been shown to remove the pyrogen lipopolysaccharide (LPS) 
within 10 s and three different mycotoxins; aflatoxin B1, deoxynivalenol 
(DON) and nialenol (NIV) within 5 s (Park et al., 2007). High Pressure Liquid 
Chromatography (HPLC) and Thin Layer Chromatography (TLC) measured 
the reduction of the mycotoxins and the results were confirmed by a 
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cytotoxicity assay using mouse cells where normal viability of cells returned 
following 5 s plasma treatment. 
 
The temperature of this type of plasma system exceeds that of the limit 
that is considered “cold” i.e. 60˚C. Temperatures measured for this plasma 
system after 1, 5, 10 and 30 s treatments were 75, 105, 110 and 130˚C 
respectively. Although these temperatures are extremely high from the stand 
point of bacterial decontamination the time taken to achieve this inactivation 
was so fast that the temperature of the samples may not have had time to reach 
these values. 
1.3.5 Pulsed Discharges 
Pulsed discharges can be achieved using any of the different power 
supplies previously described. Pulsed discharges differ because they generate 
plasmas discontinuously. The “off time” of the plasma can allow cooling 
between pulses and allow for more intense short bursts of plasma to be used 
without causing the sample to be heated unduly. Pulsing can also be used to 
control glow to arc transitions for electrode configurations that do not 
comprise a dielectric material. If the voltage pulse is comparable to, or shorter 
than, the transition time from glow to arc then this transition can be avoided. 
 
Laroussi and Lu (2005) developed a plasma pencil that had two thin 
copper rings separated by a gap distance ~0.5- 1cm. These copper electrodes 
were connected to the power supply and were attached to two dielectric disks 
that were perforated to allow gas to flow through. Voltage was supplied via a 
DC power supply to a pulser that produced 500 ns wide monopolar pulses. For 
a 4 L/ min He flow rate, 6 kV magnitude voltage pulse width of 500 ns and 
pulse frequency of 3 kHz, a temperature close to room temperature was 
measured by comparing an experiment spectrum with a simulated spectrum. 
This jet was demonstrated to inactivate a variety of different species including 
Gram negative E. coli, Vibrio cholerae and P. aeruginosa and Gram positive 
species Streptococcus sanguinis (Laroussi et al., 2006). Bacteria were spread 
over agar plates then exposed to the plasma pencil and it was found that the 
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bacterial inactivation area increased with longer treatment times and the 
addition of O2 to the gas flow. 
 
Choi et al. (2006b) used a DC powered pulsed discharge between two 
parallel copper electrodes that were covered by a dielectric material. Operating 
at a pulse frequency of 1 kHz and a voltage of 11 kV a 5 log reduction in 
E. coli was achieved in 70 s treatment. SEM images revealed bacteria were 
starting to release their cytoplasm after 30s treatment due to compromised 
membranes. Treating bacteria spread on agar surfaces also showed 
qualitatively that this plasma system was capable of inactivating other bacteria 
from genera such as species such as Bacillus and Pseudomonas (Choi et al., 
2006b). 
 
Akan et al. (2006) and Ekem et al. (2006) both demonstrated that a pure 
oxygen plasma generated using 25 kV, 40 mA mean discharge current at a 
25 kHz pulse frequency can achieve a 4 log reduction of Staphylococcus in 
12 mins. The plasma was produced between a tungsten wire which acted as the 
power electrode, and fifteen electrodes which acted as the ground; each of 
these electrodes was sharpened to a point of 0.2 - 0.3 mm. The plasma was 
generated above the samples tested, indicating that it was the afterglow of the 
discharge that was inactivating the bacteria. It was discovered that increasing 
the mean discharge current to 75 mA increased the temperature of the samples 
supporting the bacteria by 1-2˚C but could reduce the 4 log kill time to 3 mins.  
 
Fridman et al. (2008b) used an AC pulsed DBD in which the sample 
being treated constituted the floating ground electrode (FE-DBD). The authors 
wanted to use this plasma system to help heal cuts/wounds. Plasma treatment 
for 15 s demonstrated a faster coagulation of a blood sample deposited on a 
surface when compared with an untreated control. With this system direct 
contact with the blood samples caused coagulation within 1 min compared to 
15 mins for untreated samples. This plasma device could also coagulate blood 
from people with coagulation disorders and even blood that has been treated 
with anti coagulants (Kalghatgi et al., 2007). SEM images of treated and 
untreated samples revealed platelet activation, aggregation and fibrin 
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formation after plasma treatment. Investigations were made into whether the 
plasma influenced Ca2+ concentrations because this is an important ion in the 
coagulation cascade. Both pH and Ca2+ were found not to vary significantly 
during treatment and therefore contribute to coagulation. Treatment of blood 
proteins showed a more specific response to plasma treatment. A fibrinogen 
solution turned cloudy upon plasma treatment and the average diameter size of 
the fibrinogen molecules increased when treated with the plasma to sizes that 
could be viewed by SEM. This increase in cloudiness was not observed when 
treating a protein solution containing albumin. Fridman et al. (2006) also 
demonstrated that the same pulsed plasma system could decontaminate 
naturally found skin bacteria or fungus such as staphylococci, streptococci, 
and Candida species and shows no visual damage to treated human skin 
samples.  
 
Treatment of Deinococcus radiodurans spores with the same plasma 
system was conducted by Cooper et al. (2009). D. radiodurans is an 
extremophile which can survive extreme radiation, temperature change, 
reactive oxygenated species and vacuum. Treatment of dried spores with a 
power density of 1 W/cm2 and a 1 mm gap between electrode and sample 
could achieve 1 log reduction in 10 mins, a treatment of 30 mins was required 
to achieve a 6 log reduction. For 30 mins treatment significant morphological 
changes were shown. When the spores were suspended in water 4 log could be 
inactivated in just 15 s. Treatment of Bacillus stratosphericus vegetative cells 
with the same power density showed significant morphological changes for 60 
and 120 s treatments when the bacteria were dried on to the surface (Cooper et 
al., 2010). In addition to the outer layers of the bacteria being damaged 
Polymerised Chain Reaction (PCR) amplification of the bacterial DNA after 
treatment could not detect any DNA fragments suggesting it was also being 
significantly degraded. Treatment of bacteria in a wet state required longer 
treatment times compared to bacteria that were dried on to samples. A 6 log 
reduction could be achieved in 60 s for bacteria in the wet state. Live/Dead 
staining revealed that 80 % of the bacteria treated still maintained an intact 
membrane even though 99.9999 % of bacteria were not culturable. This 
suggests that the membrane is not a key inactivation target when bacteria are 
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in a wet state. The 80 % of bacteria with intact membranes decreased to ~20 % 
after 24 hrs incubation. Using an XTT assay also showed that ~5 % of bacteria 
were still respiring after 60 s plasma treatments; a similar percentage was also 
respiring after 120 s. It was recognised that this population of bacteria were 
viable but non-culturable (VBNC). 
 
Dobrynin et al. (2010) also inactivated Bacillus cereus and Bacillus 
anthracis spores in a water solution or dried on to agar. Using a lower power 
density of 0.3 W/cm2 achieved 6 logs for spores dried on an agar surface and 
~5 logs when spores were in a water solution for 45 s treatment.  A treatment 
of 60 s showed no morphological damage when imaged using SEM. A 
difference of ~1.5 logs was shown when spores in liquid were treated directly 
or indirectly. Indirect treatment generated a lower log reduction compared to 
direct treatment which suggests that charges plasma species are responsible for 
the enhanced inactivation for direct treatment.  
 
Joshi et al. (2010) demonstrated bacterial inactivation of E. coli, 
S. aureus and three MRSA strains using the same FE-DBD plasma system. 
E. coli was more susceptible to treatments than S. aureus and <60 s was 
required to completely sterilise the samples. Direct plasma treatment was 
shown to be only slightly better than indirect treatment. The indirect plasma 
treatment for these experiments consisted of treating a solution of PBS to 
which the bacteria were then added for the desired contact time. The 
similarities between bacterial inactivation for direct and indirect treatments in 
their study suggests that charged particles play either a minor or no role in the 
inactivation mechanism. Indirect treatment was shown to cause 
permeabilisation in bacteria due to plasma treatment. Treatment of biofilms 
showed that E. coli was less susceptible in this state compared with S. aureus 
and the MRSA strains which were more susceptible. It was noted by the 
authors that PI staining showed similar patterns of inactivation to an XTT 
assay that was conducted to measure bacterial respiration. This suggests that 
membrane permeabilisation affected bacterial respiration by default due to an 
inability to maintain its ion gradients which is essential for respiration and 
energy production. Although direct plasma treatment showed a slightly more 
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pronounced killing, both treatments inactivated all biofilms in <120 s. The 
MRSA strains were shown to be more resistant towards direct plasma 
treatment in their planktonic form requiring ~150 s treatment compared to 
when the cells were present in a biofilms (<120 s treatment). 
 
The same plasma system was also used to treat Salmonella enterica and 
Campylobacter jejuni inoculated onto the surface of boneless skinless chicken 
breast and chicken thigh with skin (Dirks et al., 2012). Chicken samples were 
inoculated with antibiotic-resistant strains of S. enterica and C. jejuni in order 
to distinguish them from natural micro flora and exposed to plasma for a range 
of time points (0 to 180 s in 15-s intervals). Inactivation experiments on agar 
surfaces showed that both antibiotic sensitive and resistant strains had similar 
susceptibilities to plasma treatment. Concentrations of 104 showed no growth 
after 5 s treatments, 105 and 106 showed no growth after 10 s for both bacteria. 
Treatments with plasma resulted in elimination of low levels (101 CFU) of 
both S. enterica and C. jejuni on chicken breasts in 5 s and C. jejuni in 10 s 
from chicken skin, but viable S. enterica cells remained on chicken skin even 
after 20 s. Bacterial concentrations of 102, 103, and 104 CFU/in2 of S. enterica 
on chicken breast and chicken skin resulted in log reductions of 1.85, 2.61, and 
2.54, respectively, on chicken breast and 1.25, 1.08, and 1.31, respectively, on 
chicken skin for 180 s treatments. Bacterial concentrations of 102, 103, and 104 
CFU of C. jejuni on chicken breast and chicken skin resulted in log reductions 
of 1.65, 2.45, and 2.45 respectively, on chicken breast and 1.42, 1.87, and 3.11 
respectively, on chicken skin for 180 s treatments. Plasma treatment of 30 s 
reduced background micro flora on breast and skin by an average of 0.85 and 
0.21 log, respectively. 
 
As well as inactivating pathogenic bacteria the plasma group from 
Drexel have also used the FE-DBD plasma to treat mammalian and cancerous 
cells (Fridman et al., 2007a, Kalghatgi et al., 2008). Low doses for short 
treatment times (30 s at 0.13W/ cm2) were shown to increase cell proliferation 
(Kalghatgi et al., 2009).  Fibroblast growth factor-2 (FGF2) was shown to be 
stimulated 3 hrs after plasma treatment compared to control cells and was 
shown to be responsible for the increase in cell proliferation. Adding oxygen 
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scavenger to the cell medium during treatments significantly decreased the 
amount of FGF2 released suggesting ROS were responsible for stimulating the 
increased cell proliferation.  
  
Human breast epithelial cells (MCF10A) were also treated by Kalghatgi 
et al. (2011). A low dose (2 s of 0.13 W/cm2) was shown to increase cell 
proliferation with the concentration of cells reaching twice that of controls. 
Intermediate doses (3-5 s at 0.13 W/cm2) showed no effect on cell 
proliferation whereas higher doses (10-15 s at 0.13 W/cm2) decreased cell 
numbers. Staining cells with Annexin V/ PI showed that higher doses (15 s at 
0.13 W/cm2) were capable of inducing apoptosis and cell survival decreased 
by ~40 %. Western blotting was used to detect phosphorylated H2AX protein, 
a protein that becomes phosphorylated in response to DNA damage. A dose 
dependent increase was observed for plasma treatments suggesting DNA 
damage is responsible for inactivation.  
 
Gallagher et al. (2007) used an air decontamination device that 
employed a dielectric barrier grating discharge to decontaminate airborne 
E. coli. Copper wires (1 mm diameter) shielded with quartz capillary 
dielectrics were separated by 1.5 mm air gaps which were positioned in the 
centre of a cuboid structure shown in Figure 1.9. Samples could be taken from 
both sides of the discharge to assess bacterial decontamination after every 
pass. An inactivation of ~5 logs could be achieved for E. coli  within 2.5 mins 
using a 77 µs pulse over 600 µs period operating at 28 kV and 50 A peak to 
peak. Although inactivation was detected by culturing methods, flow 
cytometry revealed a consistent population of bacteria which showed no signs 
of outer membrane damage following up to three passes through the discharge. 
This is significant because the effect of plasma treatment might lead to the 
production of viable but non-culturable population of bacteria  
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Fig 1.9: Picture of the air decontamination plasma device (Gallagher et al., 2007).  
 
Plasma has also been shown to be generated in pack for the potential 
treatment of foods. Schwabedissen et al. (2007) used a PlasmaLabel to 
inactivate a paper strip impregnated with B. subtilis spores inside a polystyrol 
petri dish. The electrodes were placed either side of the packaging material 
(polystyrol) and excited with an 8 kVpp applied voltage at an unspecified kHz 
frequency. Input power of 4 W was used for treatments and the applied voltage 
was pulsed to ensure a high level of ozone was maintained throughout the 
treatments. A 4 log reduction was achieved for 10 mins exposure to the plasma 
species. Ozone was believed to the main inactivating species for this treatment 
but it was noted that the addition of water vapour will generate more 
biological active species. The treatment of tomatoes with the PlasmaLabel 
demonstrated no mildew growth after 14 days where as growth was detected 
on control samples. The same effect was also observed for strawberries but the 
shelf life for strawberries is shorter compared to tomatoes. 
 
Bussiahn et al. (2010) used a DC nanosecond (ns) pulsed micro plasma 
using a high voltage hollow needle shielded by a capillary that allows Ar gas 
to flow through the needle to the sample. The system is self pulsing and the 
plasma generated is a fine filament (~30 µm diameter) and up to 1.5 cm long. 
At a distance of 5 mm and for a treatment time of ~160 s (1 cm/ s for a 4 cm 
distance 40 times) a small line of inactivation was observed for a lawn of 
E. coli spread on an agar surface demonstrating effective localised 
inactivation. The plasma filament has also been demonstrated as being capable 
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of penetrating fine gaps showing the potential this technology has for treating 
root canals in dentistry for complete bacterial removal.  
 
Fine plasma inactivation can be also be observed by a room temperature 
plasma needle (~100 µm diameter) operating in air. Driven by DC power 
supply, 10 ns pulses every ~ 100 ns with a needle distance of 1 mm to the 
sample could achieve inactivation of E. faecalis in 60 s (Lu et al., 2009a). 
Inactivation was only observed where the plasma directly contacted the agar 
surface onto which the bacterium was spread. Attaching the needle to a 
syringe allowed gases to be passed through the needle; this system was also 
used to demonstrate the capability of inactivating E. faecalis (Lu et al., 
2009b). For inactivation experiments He or Ar gas was made to flow through 
the needle at a rate of 0.4 L/ min with an admixture of 20 % O2. For an applied 
voltage of 8 kV at a gap distance of 2 mm, pulse width of 500 ns and pulse 
repetition of 10 kHz both gas mixtures tested inactivated E. faecalis spread on 
agar plates, no obvious inactivation differences between the two gas 
compositions were observed. Inactivation of E. faecalis was also observed 
inside root canals that had been inoculated with 106 CFU and allowed to grow 
for 24 hrs; 10 mins treatment was shown to result in ~ 2 log reductions. 
 
Instead of using a needle for the powered electrode, the group of Yuan 
Pan used a copper electrode (2 mm diameter) covered in quartz and placed 
inside a syringe in which gas was able to flow through, a schematic of this is 
shown in figure 1-10. The figure shows the configuration for (a) direct (plasma 
directly contacts micro organism) and (b) indirect (the plasma is grounded 
before the sample) plasma treatment. Using a pulsed DC power supply with an 
applied voltage of 9 kV, current ~300 mA, 1.6 µs pulse width and a 4 kHz 
pulse repetition frequency; this plasma system was used to inactivate S. aureus 
spread on agar plates at a concentration of 2x105 CFU/ plate at a variety of 
different distances. Using two different gas compositions containing He at a 
flow rate of 2 L/ min with an admixture of Nitrogen or Oxygen at 3 % Lu et 
al. (2008) were able to show larger areas of inactivation compared with the 
area the plasma directly contacts for both gas compositions. He/ O2 were 
shown to inactivate a significantly larger area compared with He/ N2 gas 
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mixtures with the plasma jet fixed in a central position for all treatments. No 
inactivation differences for direct and indirect treatment was observed with a 
He/ N2 gas composition, however, larger areas of inactivation were observed 
for He/ O2 direct plasma treatment as compared with the indirect treatment. 
 
Fig 1.10: Schematic representation of the plasma jet for Yuan Pan group (Lu et al., 
2008). 
 
Xiong et al. (2010) also used the same plasma jet configuration to 
compare the performance of AC or a pulsed DC power supply in inactivating 
S. aureus. Plasma conditions for the DC pulsed were slightly different for 
these experiments with an applied voltage of 8 kV being used and a smaller 
pulse width of 800 ns. The same gas flow of 2 L/ min was used but the gas 
only consisted of Helium. The results confirm that of Lu et al. (2008) 
discussed previously where a greater area of inactivation was observed for 
treatments when the jet is fixed in one place over the agar. Pulsed DC showed 
a larger area of inactivation for both direct and indirect treatments when 
compared with the AC power supply. For both power supplies direct treatment 
improved the area of inactivation slightly. 
 
Inactivation of C. albicans has also been investigated by the same group 
with slightly modified plasma conditions (Xiong et al., 2010). Treatments 
were conducted using a He/ O2 (3 %) gas mixture at a flow rate of 2 L/ min 
with an applied voltage, pulse width and pulse repetition of 8 kV, 1.6 µs and 
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8 kHz respectively. Two experimental setups were compared in this study; the 
first had the bacterial sample exposed to air during the treatment and the 
second had the petri dish lid covering the sample. A small hole was made in 
the lid in order for the plasma plume to contact the sample being treated 
directly, the lid was used to eliminate any atmospheric interference and trap 
plasma species in the petri dish. Results demonstrated that a small fraction of 
C. albicans was inactivated for treatment times up to 8 mins when the sample 
was exposed to the atmosphere. Covering the sample with the petri dish lid 
causes a significant improvement in inactivation; greater than a 4 log reduction 
was achieved in 5 mins. The first 2 mins of treatment showed a slow 
inactivation similar to the atmosphere exposed samples, this was probably due 
to a threshold concentration of the inactivating species that had to be exceeded 
before significant inactivation of the yeast cells was observed. Trapping the 
plasma species inside the petri dish would have helped to accumulate a high 
enough concentration of plasma species for effective inactivation. SEM 
imaging showed damage to the surface of some yeast cells after 2 and 4 mins, 
after 8 mins significant damage could be observed. TEM imaging for 8 mins 
treatment revealed holes in the cell walls and membranes, loss of the dense 
interior due to cytoplasm leakage, and some cells even showed a significant 
shrinkage of the nucleus and thickening of the cell wall and membrane 
structures (Karyopyknosis). Similar effects were also obtained when 
inactivating S. aureus and E. faecalis (Cao Ying guang et al., 2011). S. aureus 
was found to be more sensitive to treatments compared to E. faecalis, and 
treatment of E. faecalis biofilms revealed damage to the structure of the 
biofilms. Interestingly, the same plasma configuration was used to treat 
Porphyromonas gingivalis biofilms grown for ten days. Staining with a green 
fluorescent nucleic acid stain (SYTO 9) and Propidium Iodide (PI) allowed the 
researchers to assess how far plasma inactivation could penetrate. Live cells 
were still detected for control cells at a depth of 15 µm, however, plasma 
treatment was shown to be capable at inactivating these bacteria at this depth. 
 
As well as inactivating bacteria, investigators have also turned their 
attention to investigating how plasma interacts with cancer cells. Kim et al. 
(2010) used a DC pulsed power supply to treat breast cancer cells to assess the 
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level of apoptosis that could be induced. A powered tungsten wire was 
covered with a Teflon tube leaving 10 mm exposed to the gas flow. Different 
gas compositions were tested using Ar and He with or without the addition of 
O2. A low gas flow was used (0.1 L/ min) to reduce the effect of desiccation, 
cell shrinkage and death; cells were treated then cultured for 48 hrs before 
performing analysis. Plasma treatments revealed significant proportions of the 
populations exhibited apoptotic fragmentation. Annexin V-Fluorescein 
isothiocyanate (FITC) to assess redistribution of phosphatidlyserine (an early 
sign of apoptosis) and Propidium Iodide (for assessing membrane integrity) 
was used to analyse cells. Flow cytometry revealed that plasma treatment was 
capable of shifting a population of healthy cells i.e. (unstained) to cells taking 
up the FITC stain only or both the FITC and PI stains indicating apoptotic 
cells. He gas flow was shown to induce a greater percentage of apoptotic cells 
(28 %) compared with Ar or Ar/ O2 (<5 % each), adding O2 to He increased 
the percentage of apoptotic cells to 37.8%. Ar and He gas with and without O2 
was also shown to cause cell necrosis, He/ O2 gas flow was shown to produce 
the highest proportion of apoptotic cells with only a small increase in necrotic 
cells as compared with control cells. 
Helmke et al. (2011) used a DBD plasma to inactivate S. epidermidis 
spread on an agar substrate. Less than 10% of bacteria were viable after a 6 s 
direct treatment on un-buffered agar with 20 kV applied voltage at a pulse 
repetition rate of 550 Hz and an electrode to sample distance of 1 mm in open 
air. When the agar medium was buffered with 3-N (Morpholino) propane 
sulfonic acid (MOPS) the inactivation was reduced with 80 % of the bacteria 
remaining viable. Membrane staining revealed 84 % of bacteria had a 
compromised membrane even though culturing showed ~80 % of bacteria 
were still viable after 1 s treatment and SEM revealed no morphological 
effects for 60 s treatment.  
 
A similar DBD system was also used for inactivating a variety of 
different wound pathogens (Daeschlein et al., 2012c). The plasma system used 
operated at 14 kV, 100-400 Hz at a distance of 2 mm. A 3 s plasma treatment 
inactivated the following pathogens in order of susceptibility: Hemolysing 
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Lancefield streptococci group A and B (389.9 mm2), S. epidemidis, 
E. faecalis, C. albicans, Stenotrophomonas, Klebsiella group (K. Pneumonia 
and K. oxytoca), S. aureus, P. aeruginosa, Proteus group (P. mirabilis and 
P. vulgaris), E. coli and Acinetobacter species (211.9 mm2). Larger areas of 
inactivation were achieved compared to the KINPen06 described in section 
1.3.3 due to the size of the electrodes. Log reductions of 1.7 for S. epidermidis 
and M. Luteus artificially contaminated on skin were achieved for 90 s 
treatment (Daeschlein et al., 2012a). A log reduction of 1.3 could be achieved 
for 210 s treatment of physiological skin bacteria. The DBD was shown in a 
separate study to effect transepidermal water loss by 20% and normalised after 
30 mins (Daeschlein et al., 2012b). The same group has also used a DBD to 
treat liquid solutions containing bacteria. This plasma system was an indirect 
treatment because the plasma discharge does not directly contact the liquid, 
instead the plasma is generated 5 mm above the surface. Plasma was created 
with a 10 kV applied voltage operating at 20 kHz. The plasma was pulsed with 
an on time of 0.413 s and an off time of 1.223 s and operated at a power of 
0.25 W/ cm2. A 7 min treatment of a NaCl (0.85 %) solution containing E. coli 
and mixing for 15 mins resulted in a 7 log reduction. For 7 mins treatment the 
pH was shown to decrease to a value of 3 and NO3-, NO2- and H2O2 were 
detected. If these chemical species were added separately without plasma then 
no significant inactivation was observed for 15 mins. Combining NO2-, H2O2 
at pH 3 achieved some antibacterial activity reaching 3.5 logs in 60 mins. The 
plasma treatment is clearly more effective. 
 
Plasma inactivation of E. coli and S. aureus has been investigated by Lee 
et al. (2012). Supermarket cheese sterilised with UV prior to tests were spot 
inoculated in 5 locations with 10 µl. A 35 kVpp bipolar 50 kHz square wave 
with a 50 % duty cycle and a gas flow of 4 slm He with or without the addition 
of 15 sccm O2 was used for treatments. Cheese slices were treated for 1, 5, 10 
and 15 mins at a 5 mm electrode to sample distance. The addition of O2 was 
shown to improve inactivation for both E. coli and S. aureus. A maximum log 
reduction of 1.98 and 0.91 were achieved for E. coli and S. aureus for 15 mins 
treatment. Changes in colour were detected for treatments with a decrease in 
L* and an increase in b*. There were significant reductions in flavour, odour 
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and overall acceptability for treatments. Treatment times of 10 and 15 mins 
were shown to visually damage to the slices. 
 
Leipold et al. (2010) investigated the decontamination of a rotating 
cutting tool used for slicing in the meat industry by means of atmospheric 
pressure DBD operated in air. Using an AC voltage operating at a frequency of 
21.7 kHz, 10.4 kV the system was pulsed to reduce the power consumption. 
The plasma was pulsed with duty cycles of 1:100 and 1:200 to reduce the 
power consumption to 3.6 W and 1.8 W respectively. For experiments the 
knife itself was used as the ground electrode and a 5 log reduction of 
L. innocua was obtained after 340 s of plasma treatment. The temperature of 
the knife after treatment remained below 30˚C. 
 
Leipold et al. (2011) has also used a pulsed DBD with a parallel 
electrode setup. A frequency of 25 kHz for an applied voltage of 14.2 kV and 
a gap distance of 20 mm was to ignite a plasma. Bursts of 180 µs were applied 
for 4.5 voltage periods. A repetition period of 14 ms was used for L. innocua 
inactivation experiments.  A low density polyethylene (LDPE) bag containing 
a slide inoculated with L. innocua and filled with 97.5 % Ar and 2.5 % O2 
were used for inactivation tests. Log reductions of 5 and 6 were achieved for 5 
and 15 mins exposure respectively.  
 
Recently plasma inactivation of L. innocua on ready-to-eat meat in pack 
has been investigated using the same plasma system with some parameter 
modifications (Rod et al., 2012a). A DBD with parallel plates 10 mm apart 
operating at a frequency of 27.8 kHz and 27 kV was used for treatments. The 
voltage was applied as 6 periods of 250 µs each for three application powers 
(15.5, 31 and 62 W) for 2-60 s. Inoculated Bresola meat was sealed inside a 
LDPE bag that contained a gas mixture of 30 % O2 and 70 % Ar. The LDPE 
bag was placed between the electrodes with the inoculated meat sample 
outside the electrodes. This meant the sample was not directly in the plasma 
generation region so the treatment was indirect. Log reductions for all input 
powers were shown to be 0.8±0.4 log/g of meat for 2 s and ~1 log/g for 60 s. 
For input powers of 62 W the inactivation was always slightly decreased 
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compared to the other two in put powers. This was believed to be because 
ozone was shown to increase over the first 20 s treatment and then decreases. 
For 62 W the greatest decrease in ozone was shown for longer treatment times. 
Multiple treatments of 20 s with 10 mins gaps between each treatment for 
input powers of 15.5 and 62 W was shown to increase the log reduction with 
increasing numbers of treatments. This was believed to be because the 
repeated treatments were regenerating the ozone concentration responsible for 
inactivation. Repeated treatments significantly improves the 62 W inactivation 
to 1.6±0.5 log/g. TBARS assay showed an increase in lipid peroxidation with 
increasing power, treatment times and storage. This increase was significant 
compared to controls after 1 and 14 days storage at 5˚C but the increases in 
levels detected were 0.1-0.4 mg/kg of malondialdehyde (MDA). These values 
were still lower than the typical lipid peroxidation level (0.5-2.0 mg/kg). 
Plasma treated and control samples also showed a decrease in redness 
regardless of treatment. Decrease was ~40 and ~70 % for 1 and 14 days 
storage respectively.  
 
Niemira et al. (2012) treated Salmonella and E. coli O157:H7 deposited 
on almonds using a pulsed gliding arc plasma system. The plasma was pulsed 
at a frequency of 47 kHz using and two different gas compositions was tested 
at a variety of different distances. Air always achieved the greatest log 
reductions. For E. coli O157:H7 C9490 the best inactivation (1.34 logs) was 
achieved at a distance of 6 cm for 20 s. For the same treatment distance E. coli 
O157:H7 35150 and 43894 achieved 1.12 and 1.06 log in 10 s respectively. 
For Salmonella strains PT30 was inactivated by 1.14 log at a distance of 6 cm 
for 20 s. S. Anatum was reduced by 1.16 log at a distance of 4 cm for 20 s and 
S. Stanley was reduced by 1.11 log at a 2 cm distance for 20 s. 
 
1.4   Mechanism of Cell Inactivation 
Plasma discharges have proven ability to decontaminate a wide variety 
of organisms, but in order to improve the efficiency and efficacy of such 
plasmas the mechanisms by which inactivation is achieved needs to be better 
understood. Because plasmas contain many active species that are known to 
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damage bacteria, it is important to try and find the species responsible and 
whether they act alone or in synergy, it is also important to understand the 
microbial targets that these species are affecting. Are the species targeting the 
lipids or proteins in the membrane, the DNA or other constituents inside the 
cytoplasm? Microorganisms could conceivably be inactivated by heat, UV, 
reactive species and charged particles. Each of these potential mechanisms are 
discussed below with particular emphasis on experimental evidence that 
supports these findings. 
1.4.1 Heat 
Although the plasma devices reviewed previously are classified as “cold 
atmospheric plasmas”, heat effects can only be neglected if the species being 
used are particularly heat tolerant. This is because the plasma systems 
reviewed above operate at a temperature of 60˚C or below and some 
vegetative bacteria can be inactivated at temperatures above 40˚C. An example 
of this is shown when Sladek & Stoffels (2005) treated E. coli for 5 minutes 
and demonstrated that the bacteria could be inactivated simply by exposure to 
a temperature of 42˚C.  
 
Abramzon et al. (2006) used an RF plasma source that operated at 52˚C 
to treat of Chromobacterium violaceum and achieved a 4 log reduction after 
60 min treatment. The temperature at this treatment time would have made a 
significant contribution to inactivation. Temperature plays less of a role when 
treating spores because they have a higher tolerance and are only inactivated at 
temperatures greater than 60˚C. The same group also showed an increase in PI 
staining due to bacterial membranes becoming compromised (Joaquin et al., 
2009). 
 
Roth et al. (2000) demonstrated the effects of temperature when 
decontaminating E. coli with the remote exposure reactor (RER). 
Temperatures of 37.8˚C and 43˚C were experienced at the sample point for 
plasma treatments using the same applied voltage, frequency and treatment 
time of 4.5 kV, 4.5 kHz and 60 s respectively. The sample exposed to the 
higher temperature had a 2 log greater reduction when compared to the sample 
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at the lower temperature of 37.8˚C, a temperature commonly used to culture 
bacteria. This demonstrates that temperature can have a synergistic effect with 
other inactivation mechanisms and can complicate mechanistic interpretations 
of results. For applications in which elevated temperatures can be tolerated the 
synergistic advantages of these devices may be more appealing. Equipment 
cleaning in a food factory may benefit from plasmas with elevated 
temperatures because much of the equipment used is metallic which can 
withstand the higher temperatures, the diffuse plasma species would be able to 
penetrate smaller pores and crevices that disinfection solutions would not be 
able to.    
1.4.2 Charged Particles 
Laroussi et al. (2002) employed SEM to show that after parallel plate 
RBD treatment E. coli membranes were damaged. These workers proposed a 
mechanism that charged particles accumulated on the surface of the bacteria 
and because the surface of E. coli is not smooth, large electric fields could be 
created on small curvatures on the bacterial membrane. This would result in a 
local electrostatic tension being produced on the cell wall that eventually could 
overcome the tensile strength of the wall. The rupture of bacterial walls was 
only shown to occur with E. coli not B. subtilis which is a Gram positive 
bacteria; Laroussi et al. (2002) suggested that this was because Gram positive 
bacteria have a smoother membrane. B. subtilis cells were not ruptured even 
though they were rendered non culturable. Gallagher et al. (2007) discovered 
that airborne treated E. coli decreased in culturability but flow cytometric 
analysis showed a consistent number of bacteria with no signs of membrane 
damage that could have retained their viability. Other researchers have also 
revealed through SEM images of bacteria and spores where the membrane has 
been breached and cellular content has been released into the environment of 
the cells (Lee et al., 2005, Choi et al., 2006b, Park et al., 2003). 
 
Fridman et al. (2007) assessed the effects of charged particles with a 
FE-DBD. Direct and indirect treatments of staphylococci, streptococci, and 
Candida species spread on blood agar surfaces were conducted. Direct plasma 
inactivation was shown to be 1 order of magnitude faster compared to indirect 
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treatment. Indirect treatments inserted a grounded steel mesh between the 
sample and the plasma system to stop charged particles reaching the surface. 
The enhanced inactivation for direct treatment was believed to be due to 
charged particles but the authors concluded that because indirect treatment still 
showed good levels of inactivation that there is a synergistic effect between 
reactive species and charged particles. 
 
Lu et al. (2008) assessed the effects of charged particles and neutral 
species of their pulsed DC plasma jet system. Direct plasma treatment of a 
bacterial lawn spread on agar was used to assess the role of charged particles 
on inactivation. Neutral species was assessed by an indirect method where a 
ground electrode was inserted between the jet nozzle and the bacterial sample. 
With a He/N2 gas composition it was shown that inactivation areas on the agar 
were similar for direct and indirect treatment. This suggests that charged 
particles played a minor or even no role, in inactivation. In contrast, when a 
He/O2 gas composition was used, a larger area of inactivation was observed 
for direct treatment compared to indirect treatment. This suggests that charged 
particles play a role in inactivation as well as neutral species. Xiong et al. 
(2010) using the same plasma jet system with helium showed that direct 
plasma treatment only slightly improves the area of inactivation compared 
with indirect treatment. This suggests that neutral species dominate 
inactivation under these conditions and charged particles have less of a role; 
adding O2 appeared to increase the role played by charged particles. For He/O2 
gas compositions using this plasma system other members of the same group 
have revealed with SEM and TEM membrane damage to yeast and Gram 
negative bacteria (Xiong et al., 2010, Cao et al., 2011). The use of propidium 
iodide has also revealed membrane damage to bacteria inside treated biofilms 
at depths of 15µm (Xiong et al., 2011). The extent and the roles charged 
particles play in compromising bacterial structures is less clear. 
1.4.3 Ultraviolet (UV) Radiation  
UV has been demonstrated to play a very prominent role in the 
decontamination of microorganisms particularly when treated with low 
pressure plasma systems (Soloshenko et al., 2000, Moisan et al., 2001b, 
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Helhel et al., 2005). However, the role of UV for atmospheric plasmas appears 
to be less important. 
 
Sosnin et al. (2004) has studied the effects of UV emitted from excimer 
lamps and revealed E. coli  to be more sensitive at a variety of UV 
wavelengths compared to fibroblast cells (CHO-K1). XeBr* (282 nm), KrCl* 
(222 nm) and a low pressure Iodine lamp (206 nm) were used that emitted in 
the UVB (315-280 nm) and UVC (280-100 nm) range. It was shown that 
irradiation of CHO-K1 cells with XeBr* 282 nm required ~0.7 J/ cm2 before a 
substantial percentage survival of the cells was affected, and ~0.5 J/ cm2 for 
the 206 nm Iodine lamp. These doses were much higher than those required to 
affect E. coli cells. In this case XeBr* irradiation showed a >90 % inactivation 
for E. coli  with 5 mJ/ cm2 and 99% of E. coli  cells was inactivated with 
25 mJ/ cm2 of the KrCl* excimer lamp. 
 
Heise et al. (2004) demonstrated that the addition of UV excimer lamps 
to their DBD could increase the efficiency of inactivation of spores achieving 
a greater log reduction over the same time. The excimer lamps used were Xe2 
(172 nm), XeCl (222 nm) and XeBr (282 nm). The authors observed two 
phases of inactivation; the first phase was a fast inactivation which was 
followed by a second slow inactivation phase. The addition of the excimer 
lamps to the discharge enhanced the efficiency of the first phase of 
inactivation and thus confirmed the role played by UV in inactivating the 
spores. The DBD used in this study achieved the best log reduction using an 
Ar gas that the authors surmised was due to UV from an Ar2* emission line of 
126 nm, however this was speculative as no measurements in the region of 
interest were conducted.  
 
Boudam et al. (2006) conducted studies which aimed to show whether 
UV photons were the dominant species in microbial inactivation. It was 
demonstrated that the gas composition was important for the production of UV 
species and that further addition of the oxidant (N2O) to Nitrogen (N2) could 
be used to maximise the production of UV species. The UV produced from the 
discharge was from NO* species and could be detected at wavelengths 
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<400 nm, maximum UV emission resulted in the fastest inactivation time of 
spores. Interestingly, inactivation could still be achieved in the absence of UV 
and this was attributed to the presence of chemically reactive species. 
Comparisons of spore inactivation at different UV intensities revealed a linear 
relationship; this gave a clear indication that the UV intensity is a factor in 
spore inactivation. 
 
However, a number of other groups looking into inactivation 
mechanisms have concluded either that UV plays no role or only a minor role 
in the inactivation of micro organisms. This conclusion has been reached by 
using OES to measure the UV emission and also by experiments in which a 
UV transparent plate that only allowed UV from their plasma system to reach 
the sample was used (Vleugels et al., 2005, Deng et al., 2006, Perni et al., 
2007). 
1.4.4 Reactive Species 
Reactive species comprise metastables, ground state atoms, excited 
atoms or even radicals. As will be discussed below, many authors using 
plasmas for inactivation of micro organisms believe that reactive species 
produced in their plasma system constitute the dominant basis for inactivation. 
This is due to the detection of reactive Oxygen species (ROS) and reactive 
Nitrogen species (RNS) when using OES or in plasma treated solutions. 
 
Laroussi and Leipold (2004) measured a variety of ROS and RNS in a 
plasma system using air as the gas supply. Atomic Oxygen (O), Ozone (O3), 
Hydroxyl radicals (OH•) and Nitrogen dioxide (NO2) were measured by 
various methods. These workers also measured the UV emission which was 
dismissed as having no role in the inactivation of Bacillus spores because of 
no significant detection below 285 nm. Laroussi demonstrated that the 
addition of O2 into pure He gas could halve the time needed to inactivate 90 % 
of Bacillus spores which they attributed to be due to the generation of ROS. 
Replacing the gas composition with air achieved 90% reduction of Bacillus 
spores 30 times faster. The authors claimed that this was due to both RNS and 
ROS present in the plasma. 
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Perni et al. (2007) sought to narrow down the mechanisms of plasma 
inactivation using E. coli mutants. The mutants used were Δ recA, Δ rpoS and 
Δ soxS, having increased susceptibility to UV photons, OH radicals and 
reactive oxygen species respectively. The same extent of log reductions (~2.5) 
was observed for Δ recA, Δ rpoS and wild type E. coli in 3 mins indicating that 
neither UV and OH• radicals were responsible for the inactivation. An 8 log 
reduction was achieved in 3 min for the Δ soxS mutant in a pure He gas which 
strongly implicates reactive oxygen species as having a prominent role in 
inactivation. Addition of O2 into the He gas resulted in the same log reduction 
for the Δ soxS mutant but at a faster time of 2.5 mins. Pure He gas was claimed 
to produce reactive oxygen species due to the reactions with atmospheric air as 
the plasma exits the tube towards the sample. OES data revealed that the 
increase in O2 into the gas flow produce a reduced emission intensity for all 
species except for 777 nm and 844 nm. The 777 nm and 844 nm emission lines 
are those produced by excited atomic oxygen. These lines increased with 
increasing O2 concentration which strongly suggested that reactive oxygen 
species were responsible for inactivation. The specific oxygen species 
responsible for lethality could not be discriminated in this experiment. In 
contrast to this, Laroussi et al. (2006) discovered that addition of oxygen 
decreased the 777 nm line of atomic oxygen but still caused increased 
inactivation with a plasma pencil. 
 
Several other groups have also demonstrated that the addition of O2 has 
strong inactivation effects by generating lower log reduction times e.g. 
Herrmann et al. (1999), Laroussi (2002), Kim et al. (2006), Perni et al. (2007), 
Lim et al. (2007) and Hong et al. (2009). 
 
Feng et al. (2010) has also demonstrated increased sensitivity to plasma 
treatment for yeast mutants that have deletions to key genes involved in 
oxidative stress or cell cycle regulation. Treatments were conducted with yeast 
cells suspended in water using a DC powered MHCD jet system and a He/ O2 
gas flow that has been previously described in section 1.5.3. It was shown that 
a 5 mins plasma treatment resulted in a significant increase in inactivation for 
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some mutants of the oxidative stress pathways and all mutants for the cell 
cycle.   
 
Shimizu et al. (2010) used a microwave plasma to inactivated E. coli 
spread on an agar surface. The plasma system used an Ar gas flow (500 sccm) 
operating at a 2.45 GHz frequency and an input power of 1.7 W. Two 
configurations were chosen for tests, one was a straight nozzle to sample 
(16 mm distance) and the other consisted of a nozzle with a 90˚ bend. The bed 
in the nozzle reduced the UV intensity from 3.3 µW/cm2 down to 22 nW/cm2. 
The authors detected that the voltage potential was close to 0V for a sample 
distance of 16 mm which either indicated that charged particles were absent at 
the sample or electron temperature was very low. Areas of inactivation after 
15 mins treatment were ~5.5 cm2 for the straight nozzle configuration; this was 
significantly reduced to ~1.5 cm2 for the bent nozzle. This suggested that the 
decreased area of inactivation was due to UV but when a quartz glass was 
placed between the sample and the nozzle to only allow UV treatment the area 
of inactivation was reduced to ~0.25 cm2 after 15 mins for the straight nozzle 
configuration. This suggests that there may be some synergistic effects with 
the reactive species and UV that explain the decreased inactivation between 
the bent and straight nozzle configuration. 
 
Kalghatgi et al. (2011) showed that neutral ROS were responsible for 
DNA damage of plasma-treated mammalian cells. Inserting a grounded mesh 
electrode did not affect the level of phosphorylated H2AX (an indicator of 
DNA damage) suggesting that charged particles were not responsible. Using 
the fluorescent probe 5-(and-6)-chloromethyl-29, 79-
dichlorodihydrofluorescein diacetate, acetyl ester the intracellular generation 
of reactive oxygen species was shown to increase after plasma treatment. The 
medium that overlaid the cells during treatments was shown to be the source 
of the ROS and treating the medium separately before overlaying cells resulted 
in the same effects as direct cell treatments. Delaying the time the plasma 
treated medium was added to cells had no effect on the induction of DNA 
damage suggesting the active species responsible are very stable. Plasma 
treatment of PBS alone was not capable of inducing DNA damage but the 
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addition of BSA into PBS could. It was suggested by the authors that protein 
hydroperoxides were responsible for DNA damage. Testing PBS with several 
amino acids that have different peroxide potentials was shown to correlate to 
the level of DNA damage. 
 
Joshi et al. (2011) recently demonstrated dose dependent lipid 
peroxidation of E. coli lipids for their floating-electrode dielectric-barrier 
discharge. They proposed that ROS caused lipid peroxidation and this was the 
major mechanism for bacterial inactivation. The addition of ROS scavengers 
was capable of significantly reducing the amount of lipid peroxidation and 
DNA oxidation thus confirming that ROS and lipid peroxidation are important 
for their inactivation mechanism. 
 
Helmke et al. (2011) concluded that inactivation of S. epidermidis with a 
pulsed direct DBD was due to reactive oxygen species and not UVC. Treating 
with UVC resulted in a reduced percentage of bacteria having a compromised 
membrane compared to plasma treatment even though the inactivation curves 
between UVC and plasma were similar on a non-buffered medium. Treatment 
of DNA saw degradation when plasma was used alone or in combination with 
UVC. UVC treatments alone did not degrade the DNA instead treatments 
generated pyrimidine dimers. When the medium was buffered using MOPS 
plasma inactivation was significantly reduced this was concluded to be 
because MOPS can act as an OH scavenger affecting the ROS responsible for 
inactivation. UVC inactivation was shown to not be affected by the addition of 
the buffering media.  
 
1.4.5 Sub lethal plasma doses 
Exposing microorganisms to sub-lethal doses of plasma has been used to 
determine more specifically the targets of the plasma species and the microbial 
targets they are affecting. Experiments considered in this section are focused 
on the defence mechanisms that enable micro-organisms to survive sub lethal 
doses and the different conditions that resulted in a greater susceptibility to 
plasma treatment. 
Chapter 1: Introduction 
 
 
-50- 
 
Laroussi et al. (2002) used sub-lethal doses of plasma generated with 
RBD to assess the effects of sub-lethal plasma treatment on the heterotrophic 
pathways of E. coli. It was observed that plasma treatment increased the 
utilization of L-fucose, D-sorbitol and D-galacturonic acid carbon sources but 
decreased the utilization of methyl pyruvate, dextrin and D, L- lactic acid 
carbon sources. It was concluded that sub-lethal doses of plasma could affect 
the metabolism of bacteria, and that therefore lethal plasma treatment could 
potentially overwhelm the metabolism of bacteria and therefore result in their 
inactivation. 
 
Laroussi et al. (2006) achieved similar results when treating B. globigii 
spores and vegetative cells with an AC powered plasma system. Spore mutants 
were employed in which each had a particular protein missing from their outer 
coat. The four mutants tested showed differences in resistances to plasma 
treatment which suggests that plasma effects may be brought about by 
interactions with the micro-organisms’ outer coat layer. Bacterial mutants that 
survived plasma treatment also appeared to change their carbon metabolism to 
utilise more of certain carbon sources and less of others.  
 
Stoffels and co-workers showed that sub lethal doses of an RF driven 
plasma needle could induce CHO-K1 to partly detach from surrounding cells 
and even the substrate (Stoffels et al., 2003, Kieft et al., 2005). They 
speculated that the plasma was affecting adhesion proteins found at the cell 
membranes. This speculation was strengthened by the fact that re-attachment 
of the cells could be achieved within 4 hours once new proteins were 
synthesized.  
 
Kieft et al., (2006) also demonstrated that with the same plasma needle 
apoptosis could be induced in greater than 20 % of the cells treated. This 
demonstrates that reactive species generated by the plasma could interact and 
affect the natural signalling processes to change the cells’ phenotype.  
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1.5   Cold Atmospheric Plasma applications  
The inactivation capabilities of cold atmospheric plasmas have opened 
up new areas of research for this technology. One area is plasma medicine 
which covers a wide range of different topics such as hospital hygiene, wound 
healing and skin disinfection. Gas plasma applications in medicine have 
shown an ability to coagulate blood, induce apoptosis in malignant tissues and 
affect the adhesion and proliferation of mammalian cells (Fridman et al., 
2007a, Kalghatgi et al., 2009). The potential to disinfect and sterilise 
equipment and instruments is also an important application for this 
technology, especially for the sterilisation of heat-sensitive materials where the 
only methods employ dangerous chemical agents. Current sterilisation of 
surgical instruments has also shown to be inadequate for the complete removal 
of proteinaceous material that could be infectious if the prion protein were 
present. This has caused the NHS to adopt a “single use policy” for 
instruments in surgical procedures conceived to be high risk e.g. where prion 
contamination could exist. 
 
Another application where CAPs have the potential to be applied is in 
the production and processing of food products. Mead et al. (1999) estimated 
that there are around 76 million incidences of foodborne disease resulting in 
323,000 hospitalisations and 5,200 deaths annually in the United States. 
Similar pro rata levels of incidences of food borne disease can also be 
expected for other industrialised countries. The Food Standards Agency (FSA) 
has reported that around 1 million people suffer foodborne illnesses per year 
resulting in 20,000 hospitalisations and 500 deaths in the United Kingdom 
(UK). The World Health Organisation (WHO) defines foodborne illnesses as 
diseases, caused either by infectious agents or their toxins that enter the body 
through the ingestion of food (World Health Organisation, 2007). WHO 
estimates that there are around 2 billion cases of diarrhoeal disease caused 
predominately by contaminated food and drinking water each year. Diarrhoea 
is believed to be the second leading cause of death in children under the age of 
5, claiming around 1.5 million lives annually. A large proportion of cases 
occur in developing countries and it is estimated that between 1 and 2.5 billion 
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people lack access to clean water and basic sanitation respectively (World 
Health Organisation, 2009). These problems however are not limited to 
developing countries, it has been estimated that the annual cost of foodborne 
illness in England and Wales since 2005 is of the order of £1.5 billion (Wadge, 
2010).  
 
There are many contributing factors that are responsible for changing 
trends in food borne diseases and the emergence of new pathogens. The 
globalised network of food distribution and the ease with which people are 
able to travel, evolving eating habits and changes in food practices to maintain 
productivity whilst the pressure to reduce costs have all allowed pathogens 
more opportunities to evolve, survive and contaminate the foods we consume. 
Food and agricultural industries argue that centralised, high volume production 
practices have generated higher productivity resulting in lowering prices. In 
order to maintain this level of productivity changes in practices such as 
concentrated animal feeding operations, centralisation of slaughtering and the 
use of anti-microbials as growth promoters have been used amongst others 
(Kimball, 2006). Although intensified and centralised food production has 
improved productivity it is also associated with problems specific to these 
practices. Centralised Mass food processing has resulted in large multi-state 
outbreaks of food borne diseases. One example of such an outbreak was with 
King Nut peanut butter in 2008/ 09 produced by Peanut Corporation of 
America (PCA) that was contaminated with Salmonella Typhimurium. King 
Nut peanut butter was not sold directly to consumers but was distributed to 
institutions, food service providers, food manufacturers and distributors in 
many states and countries. The outbreak spanned 46 states and infected a total 
of 714 people over a 6 month period (CDC (Centers for Disease Control), 
2009). The emergence of antimicrobial resistance is also an important problem 
that has been accelerated by centralised high volume production. 
Antimicrobial agents have been an important component in the treatment of 
infectious diseases. A trend amongst foodborne pathogens is an increase of 
resistance to antimicrobial agents. A number of bacterial pathogens have 
developed resistance to antimicrobials through their use in disease control. 
Foodborne pathogens associated with animals also become more resistant to 
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antimicrobials because of their use for treatment of diseases as well as their 
use in feed stocks as growth promoters (Aarestrup & Wegener 1999). This 
means that when animals are intensively reared the selective pressure exerted 
on the bacteria is greatly increased due to exposure to antibiotics as growth 
promoters (van den Bogaard, 1997). Food can itself become a vehicle for gene 
transfers between different pathogenic species (Cocconcelli et al., 2003, Walsh 
et al., 2008). A further concern is the decline over recent years in the 
discovery of new antibiotics, although research and development into new 
antimicrobial agents has not stopped (Hogberg et al., 2010, Moellering, 2011). 
Due to the persistent increase in antibiotic resistance greater emphasis is 
directed towards the producers, processors and food manufacturers to ensure 
the food which they supply is free from pathogenic organisms. 
 
As well as consolidation of food production, the food we consume is 
constantly evolving to suit our changing eating habits and tastes. More and 
more of the foods we purchase and consume today are subject to some form of 
processing. It was reported that in 2002 processed goods made up nearly half 
of all agricultural exports (World Trade Organization, 2004). A part of this 
increase in processed foods was a growing production of “Ready-to-Eat” 
(RTE) foods. RTE foods are convenience foods that do not require any 
cooking. Because many of these products do not have a final microbial 
inactivation step they are frequently implicated in disease causation. For 
example, Listeria monocytogenes is a foodborne pathogen that causes 
Listeriosis and has been unequivocally linked with certain types of RTE foods 
(Kimball, 2006).  
 
Environmental contamination poses many problems for food 
manufacturers and processors, in particular those producing RTE foods. 
L. monocytogenes and E. coli have been shown to be highly persistent in the 
environment, on equipment and even on food products themselves 
(Mclauchlin et al., 1990, Brett et al., 1998, Miettinen et al., 1999, 
Chasseignaux et al., 2001, Kathariou, 2002, Keto-Timonen et al., 2007). Many 
food processing facilities were built before these new types of food products 
were developed and the contamination routes for pathogens were considered. 
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This means incorrect factory design and layout can encourage the spread of 
persistent strains from low risk areas to high risk areas where the product has 
already passed the last kill step. Contamination of the product at this stage if 
not detected could result in a major food poisoning outbreak and massive 
economic impacts on the company through product recalls and damage to its 
public image. Poorly designed equipment and hard to clean surfaces can also 
offer harbourage sites for pathogenic species allowing them to survive 
cleaning and sanitation cycles and become persistent (Tompkin, 2002). 
Current cleaning and disinfection practices can become an issue for the 
processing of foods that have low water activity. This is due to the fact that 
low water activity foods were generally believed to not support bacteria. 
Although pathogenic bacteria cannot grow in environments of low water 
activity, it is now known that they can survive. This together with the 
realisation that the infective dose required to cause disease can be as low as 
one bacterium, poses serious implications for food processors to ensure their 
products are free from any pathogenic bacteria (Moretro et al., 2009). Current 
sanitation practices involve water, if equipment is not properly dried after 
cleaning harbourage sites can exist affording pathogenic bacteria the chance to 
grow and contaminate food products being processed. Even with correct high-
risk food factory designs, personnel hygiene and cleaning and disinfection 
regimes, Listeria and other pathogens such as E. coli, can still persist at low 
levels (Holah et al., 2004). 
 
To control persistent strains requires more intensive cleaning and 
disinfection strategies. This has lead food manufacturing companies to seek 
alternative methods and new technologies. These new strategies ideally have 
to fit in with current processes, have no adverse effects on the foods being 
processed, be energy efficient and eliminate food borne pathogens from the 
processing environment, equipment or food products. Some of the emerging 
techniques that the food manufacturing industries are using or investigating 
include high pressure processing, pulsed electric fields, pulsed light, ultraviolet 
light, ultrasound, the concept of “whole room” disinfection using gases such as 
ozone or aldehydes and cold atmospheric plasmas. High pressure, pulsed 
electric fields and ultrasound are processes that directly treat food products. 
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Whole room disinfection using gases such as ozone or aldehydes are for 
environmental disinfection. Pulsed light, ultraviolet light and cold atmospheric 
plasmas have the potential to be used to treat food product surfaces and 
disinfect of equipment and surfaces. Cold atmospheric plasmas have the 
potential to be used in a food processing environment by decontaminating 
work surfaces and processing equipment especially in the manufacture of low 
water active products. Treatments with cold atmospheric plasmas would not 
involve the use of water therefore avoiding the possibility of creating 
harbourage sites for pathogens. Diffusive gas species could be used to treat 
equipment with hard-to-reach areas that would usually require dismantling for 
decontamination. Control of pathogens in the environment during food 
production is also another possibility for this technology; however, it would be 
necessary to show conclusively that treatment would not adversely affect 
foods. 
 
 1.6   Food borne pathogens 
Attention for this section of the literature survey focuses only on food 
borne pathogens that have been used in experiments described in this thesis. 
 1.6.1 Listeria 
Listeria are rod shaped Gram positive non spore forming facultative 
anaerobes. Listeria are catalase positive and oxidase negative bacterium and 
have been found to be widely distributed thought the environment. Seven 
species of Listeria are recognised, these are: L. monocytogenes, L. ivanovii, 
L. innocua, L. seeligeri, L. muranyii, L. welshimeri and L. grayi. Of the seven 
species two are known to be pathogenic, these are L. monocytogenes and 
L. ivanovii (Farber & Peterkin 1991).  
 
Several major outbreaks occurred in the US in the 1980’s and resulted in 
L. monocytogenes being placed on the surveillance radar. L. monocytogenes 
causes listeriosis in humans and the primary route of infection is via 
contaminated food. Those more susceptible to infection are adults with a 
weakened immune system, those over the age of 50, developing foetuses, 
newborns and pregnant women. The early symptoms of listeriosis are usually 
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influenza-like such as fever nausea, headache, diarrhoea and vomiting. 
Healthy individuals may experience acute febrile gastroenteritis or no 
symptoms at all and between 5-10% of healthy individuals could carry 
L. monocytogenes in their intestines with no symptoms. Infections during 
pregnancy can lead to miscarriage, stillbirth, premature delivery, or life-
threatening infection of the newborn causing bacteraemia and meningitis.  
 
L. monocytogenes has been widely detected in plant, soil, vegetables, 
surface water, cows, sheep, goats, poultry, milk, slaughter house waste, animal 
and human faeces and sewage (Farber & Peterkin 1991). L. monocytogenes 
has been shown to survive and grow at temperatures as low as -0.4 and as high 
as 50˚C (Walker & Stringer 1987, Junttila et al., 1988). In addition to extreme 
temperatures, L. monocytogenes can also grow in high salt concentrations up 
to 10 % and acidic pH (4.0) (Tienungoon et al., 2000, Kathariou 2002). In 
2000 L. monocytogenes had the second highest fatality rate amongst foodborne 
pathogens (~21 %) and the highest hospitalisation rate (~90.5 %) in the US 
(Kimball, 2006). Significant efforts in the US have been directed towards 
eradicating this bacterium and have achieved ~80 % reduction in infection 
rates from 1989 to 2002. In October 2003 the USDA’s Food Safety and 
Inspection Service (FSIS) issued a “zero tolerance” rule to encourage 
manufacturers to target Listeria more aggressively in RTE foods. Additional 
processing steps such as introducing an extra kill step after food products have 
been cooked and cooled have been encouraged because foods that are correctly 
processed to eliminate pathogens, via cooking or pasteurisation, have been 
shown to be at risk of recontamination before packaging (Reij et al., 2004). 
From 2002 to 2010 the relative rates of laboratory confirmed infections 
compared to 1996 – 1998 rates have fluctuated but remain similar to the 
infection rates of 2002 (Gilliss et al., 2011). In Europe this story appears very 
different with an increasing number of laboratory confirmed cases during 1999 
– 2006. In 2006 Germany, France and the UK made up 64 % of the confirmed 
cases in Europe (Denny & McLauchlin 2008). 
 
L. innocua is commonly used in research as a non pathogenic surrogate 
for L. monocytogenes. This is because L. innocua has susceptibilities to many 
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stresses similar to L. monocytogenes (Nolan et al., 1992, Niemira et al., 2003). 
They also have similar growth rates although L. innocua has been shown to 
outgrow L. monocytogenes in certain media. Both species have been isolated 
together in many different foods such as meat, fish and cheese (Samelis & 
Metaxopoulos 1999, Rudolf & Scherer 2001, Gonzalez-Rodriguez et al., 
2002). L. innocua has proven to be a suitable surrogate for the inactivation of 
L. monocytogenes in meat treatment and challenge studies on fish (Kamat & 
Nair 1996, Vaz-Velho et al., 2001).  
 
1.6.2 Escherichia coli (E. coli) 
E. coli are Gram negative, rod shaped, non spore forming facultative 
anaerobes. E. coli are found in the gastrointestinal tract of all humans and most 
warm-blooded animals, and are a part of the normal bacterial flora. Facultative 
bacteria are however, relatively low in abundance (0.1 %) due to the strict 
anaerobic environment of the colon.  E. coli is also able to survive when 
released into the environment and is used as an indicator organism for faecal 
contamination.  
 
E. coli is one of the most diverse bacterial species with only 20 % of the 
genome being common to all strains (Lukjancenko et al., 2010). Many strains 
of E. coli found in foods are non-pathogenic and are important indicator 
organisms used by the food industry. There are several E. coli pathogens 
responsible for distinctive clinical diseases or syndromes. The six most 
important pathotypes associated with food are enteropathogenic E. coli, 
(EPEC), enteroinvasive E. coli (EIEC), enterotoxigenic E. coli (ETEC), 
enteroaggregative E. coli (EAggEC), diffusely adherent E. coli (DAEC) and 
enterohaemorrhagic E. coli (EHEC) (Nataro & Kaper 1998). The latter 
represents a sub-group of a much larger group of E. coli termed 
Verocytotoxin-producing E. coli (VTEC) or Shiga toxin-producing E. coli 
(STEC). E. coli O157:H7 belongs to the Verocytotoxin group of pathogens 
and was first recognised as a foodborne pathogen in 1982.  E. coli O157:H7 
disease was initially associated with undercooked beef burgers and beef 
(especially ground beef) products (Armstrong et al., 1996). 
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E. coli can be contracted from eating undercooked meat, drinking 
contaminated water, or surface contamination of raw produce such as lettuce 
or sprouts (EFSA, 2011). Most infections are the result of consuming bovine 
products particularly ground beef. Beef has been associated with nearly half 
the foodborne outbreaks in the US during 1993-99 (Kimball, 2006). The three 
general clinical syndromes caused by pathogenic E. coli strains are urinary 
tract infection, sepsis or meningitis, and enteric or diarrheal disease. Those at 
greatest risk of infection are the elderly and children under 5. Infection for a 
small minority of people will not result in any symptoms. A large percentage 
of infected people experience abdominal cramps and bloody diarrhoea. A 
small percentage of individuals will develop into haemolytic uremic syndrome 
(HUS) causing kidney failure and potentially death (Kaper et al., 2004). 
 
1.6.3 Staphylococcus aureus (S. aureus) 
Staphylococcus aureus is a Gram positive, facultative anaerobic, catalase 
positive coccus that produce an enterotoxin (SET). S. aureus has been detected 
in the air, dust, water, sewage, domesticated animals (particularly dairy herds) 
and on humans. S. aureus has been recovered from 14-44 % of human hands 
and 19-55 % of nasal cavities (Kluytmans et al., 1997). S. aureus commonly 
causes nosocomial infections, and it has been shown to contaminate meat, 
poultry, egg products, salads, sandwiches and fillings, milk and dairy products 
(Le Loir et al., 2003).  In a recent study S. aureus was detected in 47 % of 
meat and poultry sampled, and multidrug resistance was common among 
isolates (52 %) (Waters et al., 2011). The Staphylococcal enterotoxin (SET) is 
capable of causing food borne intoxication at relatively low levels (<1 µg) 
corresponding to a count of 105 cells/g. Staphylococcal enterotoxin A (SEA) is 
the most common SET responsible for food borne intoxications. SED is the 
second most common SET with few food borne outbreaks being associated 
with SEB, SEC and SEE toxins. These toxins are relatively heat stable and 
may be biologically active in food systems long after the bacteria that 
generated the toxin have been destroyed. Symptoms include nausea, vomiting, 
diarrhoea, headache, dizziness and low grade fever, however the symptoms 
experienced can depend on amount of toxin ingested and the general state of 
health of the consumer (Le Loir et al., 2003).  
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MRSA is a subgroup of S. aureus strains that is resistant to the antibiotic 
Methicillin. Many species of S. aureus that are resistant to Methicillin are also 
resistant to many other antibiotics (Deurenberg & Stobberingh 2008). These 
multi resistant species cause significant problems with increasing treatment 
failures. MRSA strains are generally considered to be a clinical issue, and little 
information is available on the organisms in the food environment. Strains of 
MRSA have been isolated from foods and food-producing animals such as 
intensively farmed pigs and other livestock in the Netherlands and other 
European countries, however they have not been found in UK animals to date 
(van Loo et al., 2007). S. aureus species can also contaminate the environment 
and have been shown to survive on dry environmental surfaces for months 
(Cimolai, 2008). They have also shown to be capable of surviving in a variety 
of extreme conditions. S. aureus are able to grow well at high salt 
concentrations (up to 10 %), low pH (4.0) and low temperatures (7˚C), the 
lowest temperature for SET production is 10˚C (Le Loir et al., 2003). 
 
1.7   Scope of the thesis 
This thesis provides the reader with experimental studies to understand 
the inactivation mechanisms of low temperature atmospheric plasma. 
Numerous studies have been conducted to understand the inactivation 
mechanisms and experimental evidence has suggested several potential 
mechanisms. However, it remains unclear which of these mechanisms 
dominate under what conditions. The work contained in this thesis builds on 
the current level of understanding and can be separated into two main areas. 
 
The first part compares inactivation differences between two types of 
plasma system; each was shown to bring about a specific mode of inactivation. 
The first plasma system used was a radio frequency pulsed plasma jet 
generated a Helium-Oxygen gas mixture. The second is a low frequency (AC) 
dielectric barrier discharge that operates in open air and is referred to here as 
an “air mesh” plasma. The plasma jet system generates a plasma plume that 
makes direct contact with the sample to be treated surface whereas with the air 
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mesh system the plasma is contained within the electrodes in such a way that 
only neutral reactive species and UV photons are able to impact the sample.  
 
The second part of this thesis focuses on potential biological targets 
affected by plasma gas species. Current knowledge of just what these targets 
are is rather limited. This work focuses on identifying these targets to 
understand the dominating plasma chemistry responsible for inactivation. The 
main focus was the bacterial membrane due to the high reactive nature of the 
plasma gas species.  
 
For all experiments detailed throughout this thesis a uniform deposit of 
bacteria was used. A method to produce a uniform deposit of bacteria was 
developed to ensure all bacteria are exposed to the plasma treatment and 
complications associated with bacterial shielding are eliminated.  
 
1.8   Organisation of the thesis 
As discussed in the preceding section the work presented in this thesis 
comprises an experimental study into the use of non-thermal atmospheric gas 
plasmas for the inactivation of foodborne pathogens. 
 
Chapter 1 comprises a review of the literature leading to the 
development of cold atmospheric plasmas and the potential applications to 
which this technology can be put. The methods and sources of materials used 
in all the experiments presented in this thesis are contained in Chapter 2. 
 
In Chapter 3, a method is described for ensuring the even distribution of 
bacteria on a surface so that all the cells receive an even exposure to the 
reactive plasma species as a prerequisite to investigating mechanisms of 
inactivation. The effects of changing plasma operating conditions on microbial 
inactivation were examined for both types of plasma system and are also 
reported on in this chapter.  
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In Chapter 4 the use of the RF pulsed plasma jet to remove amyloid 
aggregates is described. Amyloid aggregates have been used as non-infective 
prion models and there is an urgent need for decontamination processes that 
can inactivate and eradicate prions from abiotic surfaces. Atomic force 
microscopy was used to visualise the effects of plasma treatment on the nano-
fibres of amyloid aggregates. X-ray photoelectron spectroscopy was also used 
to assess the levels of protein that remain after treatments and to probe 
whether the plasma treatment chemically modifies the amyloid aggregates.  
 
Investigations into the mechanisms of microbial inactivation using the 
air mesh plasma are presented in Chapter 5. The aim of these particular studies 
was to gain insight into what the key bacterial targets that are affected by the 
plasma gas species are. The strategy taken was to induce changes to the lipid 
composition of the bacterial membranes of E. coli and Listeria innocua by 
cultivating each of them at widely separated temperatures and to then assess 
the effects of such changes on their plasma susceptibility. Flow cytometry was 
used to assess the functional state of the bacteria following plasma treatment. 
A number of fluorescent dyes that are able to detect compromised membranes 
and depolarised cells were used to assess the functional state of the bacteria.  
 
An investigation as to whether treatment of multi-drug resistant strains 
of MRSA with gas plasmas might be able to bring about a reversal of 
antibiotic resistance is described in Chapter 6. The effects of the growth 
medium composition were also studied to gain an understanding of how 
limitations to key nutrients affect plasma inactivation and antibiotic resistance. 
Finally, in Chapter 7 overall conclusions are set down and suggestions are 
made for future studies.  
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2.  Materials and methods 
2.1     Bacteria 
The following microorganisms were used for this work: 
Listeria innocua (ATCC 33090) and Listeria monocytogenes (Scott A) was 
kindly donated by Professor Peter Andrew of the Department of Infection, 
Immunity and Inflammation, Leicester University (Briers et al., 2011).  
Escherichia coli Type 1 (W0081) and K12 (MG1655) were both donated by 
Professor Charles Penn of the School of Biosciences University of 
Birmingham (Blattner et al., 1997). 
Methicillin Resistant Staphylococcus aureus (MRSA) 252, UR1, PM 64 and 
PM 25 were kindly donated by Dr Julie Morrissey of the Department of 
Genetics University of Leicester (Moore & Lindsay, 2002; Holden et al., 
2004).  
2.2      Storage of cultures 
All micro organisms used for experiments were stored at -80˚C on 
cryobeads. To prepare vials, a loopful of cells was used to inoculate 100 ml of 
the appropriate medium at 30˚C for 24 hrs. Sterile glycerol was added up to a 
final concentration of 10 % (v/v) and 100 µl suspension was added to the 
cryobeads vial. The vial was gently inverted several times to mix the bacteria 
allowing them to bind to the beads. Once mixed excess liquid was pipetted out 
and the vials were stored at -80˚C. 
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2.3     Bacterial growth media 
2.3.1 Tryptone soya broth 
Composition of 1 litre  
Pancreatic digest of casein 17.0 g 
Enzymatic digest of soya bean* 3.0 g 
Sodium chloride 5.0 g 
Dipotassium hydrogen phosphate 2.5 g 
Glucose 2.5 g 
2.3.2 Tryptone soya agar 
Composition of 1 litre  
Pancreatic digest of casein 15.0 g  
Enzymatic* digest of soya bean 5.0 g  
Sodium chloride  5.0 g 
Agar  15.0 g  
2.3.3 Brain heart infusion broth 
Composition of 1 litre 
Calf brains (infusion from 200g) 12.5 g
Beef heart (infusion from 250g) 5.0 g 
Proteose peptone 10.0 g
Glucose 2.0 g 
Sodium chloride 5.0 g 
Disodium phosphate 2.5 g 
 
 
 
2.3.4 Brain heart infusion agar 
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Composition of 1 litre 
Calf brains (infusion from 200g) 7.8 g 
Beef heart (infusion from 250g) 9.7 g 
Proteose peptone 10.0 g
Dextrose 2.0 g 
Sodium chloride 5.0 g 
Disodium phosphate 2.5 g 
Agar 15 g 
2.3.5 PALCAM agar 
Composition of 1 litre 
Columbia blood agar base 39 g 
Yeast extract 3 g 
Glucose 0.5 g 
Ferric ammonium citrate 0.5 g 
LiCl 15 g 
Mannitol 10 g 
Aesculin 0.8 g 
Phenol red 0.08 g
The medium was sterilised at 115˚C for 15 mins and cooled down to 
50˚C. For 500 ml of medium a solution of antibiotics was added using a 
syringe and a filter of 0.2 nm. The antibiotic solution contained: Polymixin B 
sulphate 5 mg, Ceftazidime 10 mg and Acriflavine hydrochloride 2.5 mg. The 
medium was then poured into Petri dishes and left to set.  
 
 
 
2.3.6 RPMI 1640 medium 
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Composition of 1 liter: 
Calcium Nitrate • 
4H2O  
0.1 g L-Tryptophan  0.005 g 
Magnesium Sulfate 
(anhydrous)  0.04884 g 
L-Tyrosine • 2Na 
• 2H2O  
0.02883 g 
Potassium Chloride  0.4 g L-Valine  0.02 g 
Sodium Bicarbonate  2 g D-Biotin  0.0002 g 
Sodium Chloride  6 g Choline Chloride  0.003 g 
Sodium Phosphate 
Dibasic (anhydrous)  0.8 g Folic Acid  0.001 g 
L-Arginine  0.2 g myo-Inositol  0.035 g 
L-Asparagine 
(anhydrous)  0.05 g Niacinamide  0.001 g 
L-Aspartic Acid  0.02 g p-Aminobenzoic Acid  0.001 g 
L-Glutamic Acid  0.02 g 
D-Pantothenic 
Acid 
(hemicalcium)  
0.00025 g 
Glycine  0.01 g Pyridoxine • HCl  0.001 g 
L-Histidine  0.015 g Riboflavin  0.0002 g 
Hydroxy-L-Proline  0.02 g Thiamine • HCl  0.001 g 
L-Isoleucine  0.05 g Vitamin B12  0.000005 g 
L-Leucine  0.05 g D-Glucose  2 g 
L-Lysine • HCl  0.04 g Glutathione (reduced)  0.001 g 
L-Phenylalanine  0.015 g Phenol Red • Na  0.0053 g 
L-Proline  0.02 g L-Cystine • 2HCl  0.0652 g 
L-Serine  0.03 g L-Glutamine  0.3 g 
L-Threonine  0.02 g L-Methionine  0.015 g 
 
 
 
2.4      Bacterial growth conditions 
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E. coli was cultured in Tryptone Soya Broth (TSB), L. innocua and 
L. monocytogenes were cultured in Brain Heart Infusion broth (BHI). 
 
Cultures were prepared by transferring a bead from frozen stock 
(prepared as described above) into 100 ml of sterile medium in a 500ml 
Erlenmeyer flask, for 16 hrs at 140 rpm and at 30˚C. From this suspension 100 
µl was aseptically transferred to three fresh sterile broths and incubated for 
24 hrs at 140 rpm and at 30˚C. After 24 hrs growth the broths were chilled on 
ice for 1 hr to arrest growth following which the cultures were diluted in 
phosphate buffered saline (PBS) for plasma treatments.  
2.5     Growth curves 
Growth curves were obtained at 7 and 40˚C for L. innocua and at 17 and 
37˚C E. coli K12. This was to determine when the bacteria had reached 
stationary phase so that cells could be diluted as appropriate for plasma 
treatment.  
 
A bead containing cells from frozen stock was used to inoculate 100 ml 
BHI for L. innocua or TSB for E. coli K12 in 500 ml Erlenmeyer flasks. 
Flasks were incubated for 16 hrs at 140 rpm and 30˚C to allow bacteria to 
reach stationary phase. After 16 hrs, 100 µl of bacterial suspension was used to 
inoculate a fresh 100 ml broth to give an inoculation of ~1x106 CFU/ ml. This 
broth was then incubated at the desired temperature with shaking at 140 rpm. 
Both Optical density (OD) and total viable counts (TVC) were used to 
determine cell concentration and to establish when the stationary phase had 
been reached.  
2.5.1 Optical density monitoring (OD) 
Optical density measurements were made using a UV-Vis 
spectrophotometer (Shimadzu, Milton Keynes, UK). For growth curves 1 ml 
of culture was pipetted into a quartz cuvette with a 1 cm path length and the 
absorbance at 600 nm was measured at requisite intervals. The 
spectrophotometer was zeroed against a medium blank to assess bacterial 
growth via absorbance.  
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2.5.2 Total viable counts (TVC) 
Total viable counts were conducted in order to obtain growth curves and 
to assess the effects of plasma treatments. Pour plating was chosen to 
determine the colony forming units (CFU) because greater sensitivity could be 
achieved for plasma tests, with up to 3 ml of the undiluted bacterial re-
suspension being counted.  
 
For growth curves, 100 µl samples were taken at intervals and serially 
diluted in PBS. Volumes of 100 µl of each dilution was pipetted into a sterile 
petri dish and mixed with a nutrient agar tempered at 45˚C, Brain Heart 
Infusion Agar (BHIA) was used for L. innocua and Tryptone Soya Agar 
(TSA) for E. coli. For L. innocua the stationary phase of growth was reached 
at 9 days for 7˚C culture and 10 hrs for 40˚C as shown in Appendix 1 (figures 
A 1.1 and 1.2). E. coli reached stationary phase growth after 4 days for 17˚C 
and 8 hrs for 37˚C as shown in Appendix 1 (figures A 1.3 and 1.4). However, 
for plasma treatment experiments bacteria were harvested at 24 hrs when 
cultured at 40˚C and 37˚C for L. innocua and E. coli respectively. Broths were 
incubated in triplicate for growth curve experiments.  
2.5.3 Detecting sub lethally injured bacteria 
The concentration of L. innocua that was sub lethally injured after 
Pulsed RF Cold Atmospheric Plasma (CAP) jet treatment was assessed using 
medium modified by the addition of Sodium Chloride (NaCl). BHI broth used 
for culturing L. innocua was supplemented with a range of NaCl 
concentrations; the highest concentration that did not affect bacterial growth 
and final counts (CFU) was determined to be 7.5 % at 30˚C. This 
concentration was used in BHI agar to count the proportion of bacteria 
surviving after plasma treatment. To assess the concentration of sub-lethally 
injured bacteria, unmodified BHI agar was used to estimate bacterial numbers 
that survived plasma treatment. The difference between bacterial 
concentrations recovered for the two different agars was the proportions of 
bacteria that had sustained sub lethal injury. 
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Assessment of sub-lethal injury was conducted for both direct and 
filtered treated deposits described in section 2.6.2 and 2.6.3. Plasma conditions 
used for treatments are described in section 2.5.2. A lower applied voltage of 
6.32 kVpp was used for the same treatment times at a pulse repetition 
frequency of 12.5 Hz. Treatments were conducted using three independent 
cultures and counted as described in section 2.4.2 using both modified and 
unmodified agars. 
2.6   Growth in Chemostats 
L. innocua was cultured continuously using a New Brunswick Bio flow 
100 modular bench top bioreactor, a schematic of which is shown in figure 2-
1. All components of the bioreactor was sterilised at 121˚C for 15 mins. Once 
sterilised all components of the system were connected using sterile 
connecters. The medium used for continuous culturing was BHI broth. An air 
pump was used to supply air to the medium and was first connected to 
maintain a slight positive pressure to prevent contamination. The air flow was 
regulated at 1 L/ min using a rotometer and was sterilized by passage through 
a 0.2 µm filter (Millipore). Dissolved O2 (dO2) was measured using a Mettler 
Toledo InPro 6000 (Fisher scientific, Loughborough, UK) and automatically 
corrected by adjusting the impeller speed to maintain a >90 % dO2. The dO2 
probe was calibrated before the bioreactor was sterilised by placing it in water 
through which air had been allowed to pass for 1 hr to give a fully saturated 
reading (100 % dO2) followed by the addition of sodium sulphite to remove all 
O2 for a zero reading (0 % dO2). The pH was measured using a Mettler Toledo 
combintion pH probe (Fisher scientific, Loughborough, UK) and automatically 
controlled by the addition of 0.2 M HCl or 0.2 M NaOH that was pre-sterilised 
in Duran bottles at 121˚C for 15 mins. The pH probe was calibrated before the 
bioreactor was sterilised using calibrated pH solutions. Growth temperature 
was automatically controlled using a water jacketed heater that can be 
automatically cooled by addition of cold mains water. The bioreactor was 
inoculated with a 16 hrs grown culture of L. innocua prepared as described in 
section 2.3. Growth proceeded for 24 hrs under batch conditions with the 
impeller operating at 200 rpm. After 24 hrs growth the pH was automatically 
adjusted back to pH 7 and the dO2 control was activated. Connection was 
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made to the harvest vessel. A working volume of 1 L was employed. The 
medium reservoir was sterilised at 121˚C for 40 mins and connected to the 
vessel. A peristaltic pump (Watson Marlow, Falmouth, UK) was used to feed 
the sterile medium into the vessel. The medium was fed at a flow rate of 
0.6 ml/ min to provide a dilution rate of 0.036h-1. The flow rate of the medium 
was monitored periodically by diverting the flow of medium through the 
pipette as shown in figure 2.1. A glass medium break device was used to 
prevent any bacteria in the vessel contaminating the medium supply line. 
Samples were taken periodically to ensure that the culture had not become 
contaminated and to determine the bacterial concentration, PALCAM agar was 
used as a selective medium for this purpose. TSA was used as a general agar to 
identify any contaminants. Samples for such measurements were taken from 
the overflow from the vessel. When bacteria were required for plasma 
inactivation experiments the culture (10 ml) was removed directly from the 
bioreactor. Steady state was deemed to have been reached after the passage of 
5 vessel volumes of 1000 ml. Under the conditions used 0.036 h-1 replaced the 
vessel 5 volumes in 139 hrs which equates to ~ 6 days. For chemostat tests 
bacteria were harvested at 7 days to ensure a complete steady state culture.  
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Fig 2.1: Schematic representation of the continuous culture of L. innocua. 
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2.7   Preparation of bacterial samples for plasma treatment 
2.7.1 Preparation of membranes 
For all plasma treatments bacteria were deposited onto 13 mm diameter 
0.2 µm pore size Whatman polycarbonate membrane filters (Fisher Scientific, 
Loughborough, UK). Bacteria were either filtered or directly deposited onto 
these membranes for subsequent treatment. Membrane filters were sterilised 
inside holders (Sartorius, Surrey, UK) to which 20 µl sterile distilled water had 
been added to the base of the filter holder to help secure the membrane to the 
holder.  Filter holders containing membranes were individually wrapped in 
aluminium foil and placed in a beaker for autoclave sterilisation (121˚C for 15 
mins). Membranes were dried over night (50˚C) after sterilisation and left at 
room temperature for no longer than 2 days before use. Membrane filters for 
direct deposition of bacteria were sterilised by individually wrapping them in 
aluminium foil. These individually wrapped membranes were placed inside a 
beaker that was covered with aluminium foil and sterilised (121˚C, 15 psi for 
15 min). Membranes were dried over night (50˚C) after sterilisation and left at 
room temperature for no longer than 2 days before use. When directly 
depositing bacteria onto membrane filters these were first aseptically 
transferred with sterile tweezers onto pre-poured agar plates (Technical Agar 
no. 3, Oxoid, Basingstoke, UK).  
2.7.2 Filtration of bacteria onto membranes 
Filtration method was used to generate an even surface distribution of 
bacteria with no stacking of cells. This ensured that bacteria were evenly 
exposed to the plasma gas species. To assess at what concentration this was 
achieved, different dilutions were filtered onto the membranes and examined 
by SEM. Selection of the necessary dilution was guided by the dimensions of 
an individual cell. The area of the membrane filter was 78.54 mm2 and the 
dimension of a single bacterium was as taken as 0.75x10-6 mm2 for Listeria 
based on preliminary SEM images. Based on this a concentration of 1x108 
CFU per filter was estimated to result in an even coverage with no stacking.  
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A 24 hr stationary phase culture as previously described was diluted with 
sterile PBS to bacterial concentrations ranging from 4x106 – 8x108 CFU. A 
1 ml aliquot of the appropriate suspension was vortexed briefly to disrupt any 
bacterial clusters and transferred to a sterile syringe (Becton Dickinson, 
Oxford, UK). The syringe was connected to a sterile filter holder with a Lauer 
fitting and containing a 0.2 µm pore size Whatman polycarbonate membrane 
filter as shown in figure 2.2 (a). The bacterial suspension was gently filtered 
through the membrane and any remaining traces of solution were removed by 
applying a vacuum (maximum 0.3 bar) to the underside of the membrane as 
shown in figure 2.2 (b).  
 
Fig 2.2: Schematic representation showing (a) membrane filter containing bacteria 
filtered from solution inside a filter holder with attached syringe and (b) vacuum pump set up 
for removing any surface water from the membrane filter. 
 
SEM was used to confirm the correct bacterial concentration necessary 
to achieve even cell distribution on the membrane surface without stacking 
(see section 2.5). For L. innocua the highest bacterial concentration that 
generated a uniform non stacked deposit was 4x107 CFU, less than half the 
theoretical calculated concentration and this concentration was employed in all 
experiments. Therefore, for all filtered deposited tests a maximum 
concentration of 4x107 CFU/ filter was used for L. innocua to ensure uniform 
non stacked deposits. Similar consideration guided the selection of the 
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appropriate concentrations in experiments with MRSA and E. coli. For all 
other strains tested a bacterial concentration of less than half the theoretically 
calculated concentration was used to ensure uniform distribution. 
Concentrations of ~4x107 and ~3x107 CFU/ filter were deposited for E. coli 
and MRSA strains respectively. All filtered micro organisms were aseptically 
transferred after vacuum treatment onto agar plates (Technical Agar no. 3, 
Oxoid, Basingstoke, UK) and left to attach for 60 mins, in a class II biological 
safety cabinet (BSC).  
 
For CAP jet treatments the membranes were transferred from the agar 
plates after 60 mins drying to a blank sterile Petri dish prior to treatment and 
secured in place using two small pieces of double-sided adhesive tape as 
shown in figure 2.3. The double-sided adhesive tape had been UV treated prior 
to tests to prevent contamination during the experiment.  
 
For all air mesh plasma treatments membranes were left on agar during 
treatments. In order to ensure consistency 15 ml of technical agar was 
measured into each dish and dried for 15 mins in a class II BSC before 
bacteria-laden membranes were transferred on to them for support.  
 
After plasma treatments, bacteria laden membrane samples were 
aseptically transferred to universal bottles containing 10 ml of sterile PBS, and 
agitated for 45 seconds with a vortex mixer in order to re-suspend bacteria. 
Volumes of 3 ml, 1 ml, 100 µl and 10 fold dilutions at the appropriate 
dilutions were used. Agar medium used for pour plating was the same medium 
used to culture the bacteria previously described. Plates were allowed to set in 
a class II BSC for 30 mins before being incubated at 30˚C. Plates were 
counted after 24 hrs for E. coli and 48 hrs for L. innocua and 
L. monocytogenes. 
2.7.3 Direct surface deposition of bacteria 
From a 24 hour stationary phase culture prepared as previously 
described 10 µl was deposited directly onto sterile membranes mounted onto 
agar plates using a pipette. Membranes prepared in this way were left for 
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60 min in class II BSC to dry before plasma treatment. To compare the plasma 
inactivation between the direct deposition and filter method the concentration 
of bacteria deposited was kept identical. Before CAP jet treatments 
membranes were transferred from agar to a blank sterile Petri dish and secured 
using small pieces of double-sided adhesive tape at either side of the 
membrane as shown in figure 2.3. 
 
Fig 2.3: Schematic representation showing how membranes prepared either by 
filtration or by direct deposition were secured to the blank petri dish. 
2.7.4 Agar spread method 
For the agar spread method a 24 hr culture of L. innocua was cultured in 
BHIB as previously described. The final culture was diluted to a final 
concentration of ~1x104 CFU/ ml. Samples of 100 µl was spread on pre set 
BHIA plates until the sample was absorbed into the plates. Spread samples 
were left to dry for 30 mins before CAP jet treatment. 
 
For consistent treatments, 15 ml of BHIA were poured into each plate, 
dried for 15 minutes in a class II biological safety cabinet (BSC) then 
packaged and stored on the bench the day before spreading the bacterial 
sample.  
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2.8   Pulsed Radio Frequency (RF) Cold Atmospheric Plasma 
(CAP) Jet 
A schematic of the equipment used to generate an RF plasma discharge 
is shown in figure 2.4. The red arrows show the electrical power to the jet and 
the blue arrows show the gas flow. The flow of gas was regulated by the 
1179A Mass-Flo® General Purpose Mass Flow Controllers (MKS 
Instruments, Cheshire, U.K) which were programmed using a PR4000B digital 
power supply and display module (MKS Instruments, Cheshire, UK).  
Continuous RF excitation of plasma is well known to produce a high 
temperature discharge (~177˚C, 450 K) that is unsuitable for treating thermally 
liable substrates. In order to maintain a low temperature discharge it is 
necessary to pulse modulate the applied power allowing the gas to cool during 
the ‘off’ period. An RF power source, supplied by Amplifier Research Inc, 
was used to generate the necessary RF power to ignite and sustain a discharge. 
Critically, the amplifier had a wide operating frequency range from 10 kHz to 
100 MHz and was capable of supplying up to 100 W of RF power.  
 
To achieve pulse modulation, a low voltage pulse generator was used to 
vary the duration and the time between each pulse of RF power. The output of 
the pulse generator was connected to the modulation input of a TTI Function 
generator capable of generating sinusoidal, square and triangle waveforms up 
to a frequency of 20MHz. This arrangement enabled the generation of RF 
packets suitable for the generation of plasma with a variable duration, 
repetition frequency and amplitude. 
 
The output impedance of the RF power amplifier is known to be 50 Ω 
hence it was necessary to use a matching network to effectively couple power 
in to the plasma jet. Given that the plasma jet has a variable impedance that is 
often very much higher than the output impedance of the RF source a resonant 
matching system was designed in-house. The matching system included an 
inductive element designed to resonate with the capacitance of the plasma jet 
system at a frequency of approximately 4 MHz. The following calculations 
show the necessary design procedure:  
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Given that the capacitance of the system was estimated and is very 
dependent on the surroundings of the plasma jet electrodes, the signal 
generator was used to adjust the frequency of the applied RF voltage to match 
the actual resonant frequency of the system. A power meter was connected 
between the RF amplifier and the resonant matching network to measure the 
forward and reflected power. Once the voltage supplied to the plasma jet 
exceeds the breakdown voltage of the gas a plasma discharge is generated. 
  
 
Fig 2.4: Schematic for the production of a pulsed RF plasma discharge. Red arrows are 
the electrical power and the blue arrows are the gas flow to the plasma jet. 
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The plasma jet configuration used for experiments was a linear-field RF 
CAP jet (Walsh & Kong 2008). The CAP jet configuration consists of a quartz 
tube measuring 75 mm in length with an inner diameter of 1.5 mm and an 
outer diameter of 3 mm. A 10 mm wide copper electrode wrapped tightly 
around the quartz tube at a distance of 2 mm from the tube nozzle; a schematic 
is shown in figure 2.5 (a). The jet was driven by a pulsed RF power supply 
operating at 3.47 MHz for all bacterial inactivation tests. Two different pulse 
repetition frequencies were used, 12.5 Hz and 25 kHz. Bursts lasting 5 ms 
every 80 ms generated the 12.5 Hz pulse repetition frequency and 10 µs every 
40 µs period produced a 25 kHz pulse repetition frequency. As the plasma jet 
is generated using RF excitation it operates in a continuous mode of operation, 
i.e. the plasma is present in the discharge channel for the entire duration of the 
applied RF waveform. This mode of operation is significantly different from 
plasma jets operated using kHz frequencies where a plasma ‘bullet’ 
phenomenon is observed. 
 
Helium and oxygen gases for all bacterial inactivation tests were fed 
through the jet at 5 standard litres per minute (slm) and 25 standard cubic 
centimetres per minute (sccm), respectively. When the system was powered 
up, a plasma plume formed inside the tube and extended beyond the quartz 
tube into open air towards the sample (see Figure 2.5 (b)). 
 
 
Fig 2.5: (a) Pulse RF CAP jet schematic and (b) Plasma discharge striking a membrane 
filter. 
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2.8.1 Pulsed RF CAP Jet monitoring conditions 
2.8.1.1 Electrical measurements 
In order to obtain electrical measurements (i.e. V and I) a Tektronix 
P6015A 1000:1 75 MHz high voltage probe and a Pearson 2877 1 V/ 1 A 
200 MHz current monitor were connected to the wrapped electrode. A 
Tektronix DPO4104 oscilloscope was employed to record current and voltage 
signals, with its 1 GHz bandwidth and 10 mega sample record length.  
 
The dissipated power was also measured for the 12.5 Hz pulse repetition 
frequency. In order to accurately measure the power at this pulse repetition, 
the plasma system was switched to continuous mode with a low applied 
current and voltage so that no plasma was generated. Under these conditions 
the jet electrodes appear as a capacitive load hence the current must be 90˚ out 
of phase with voltage. The phase angle between the current and voltage 
waveforms measured on the oscilloscope was adjusted to ensure a 90˚ angle 
was obtained. The plasma system was then switched back to pulsed mode and 
set to the desired applied current and voltage. In order to obtain accurate 
power measurements up to 4 million data points had to be recorded on the 
oscilloscope, over a time period slightly greater than the pulse width (5 ms). 
The voltage and current for one pulse was multiplied together to yield the 
estimate of the instantaneous power generated. The area below a single pulse 
was integrated and then multiplied by the number of pulses per second i.e. 
12.5 for a 12.5 Hz pulse repetition frequency. For an applied voltage of 6.88 
and 6.32 kV peak to peak, the dissipated power was calculated as being 0.95 
and 0.75 W respectively. 
2.8.1.2 Optical measurements 
For optical diagnostics, an optical fibre of 600 µm diameter was 
positioned inside the optical monitoring unit at 6 mm below the tube nozzle 
and fixed radially 6 mm from the axis of the plasma plume. All optical 
spectroscopic measurements were conducted with the optical monitoring unit 
in order for the measurements of plasma chemistry to be reproducible from 
one experiment to the next and to enable comparisons to future independent 
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experiments. This is important as atmospheric plasmas are known to be 
susceptible to changes in environmental conditions. Absolute optical emission 
from the plasma was measured using a calibrated emission spectrometer 
(Ocean Optics, Duiven, Netherlands). Absolute emission intensity calibration 
was performed with an Ocean Optics LS-1-CAL NIST traceable white light 
source, providing absolute intensity values between 350 and 900 nm. 
 
Emission spectra were obtained at the sample surface for protein 
removal experiments using an Andor Shamrock SR-303i spectrometer with a 
focal length of 303 mm. Detailed spectra were acquired using a 2400 lines/ 
mm grating providing a 0.01 nm spectral resolution, overview spectra were 
obtained using a 600 lines/mm grating providing a 0.13 nm spectral resolution. 
2.8.1.3 Gas Temperature 
The dependence of temperature on input RF power was assessed by 
measuring the rotational temperature from the nitrogen monopositive ion N2+ 
first negative system. The spectrum was compared with simulated spectra. The 
closest spectrum to the measured spectrum revealed the plasma plume 
temperature as 300 K. Gas temperature was also measured at the sample point 
using reversible liquid crystal temperature strips (Fisher Scientific, 
Loughborough, UK). The temperature measured never exceeded 40oC in the 
experiments described here confirming the low temperature measured by 
rotation temperature.  
2.8.2 Pulsed RF CAP Jet treatment of bacterial deposited membranes  
Bacteria-laden membranes undergoing treatment were placed 1 cm away 
from the nozzle. The total treatment time for each membrane ranged from 0 to 
90 s and those for controls from 60 to 120 s. Bacterial inactivation was 
achieved under two different input voltage (peak-to-peak) conditions: 6.88 kV/ 
2.04 A and 6.32 kV/ 1.84 A at a pulse repetition frequency of 12.5 Hz.  
 
Due to the plasma plume having a small diameter (~3 mm) it was 
traversed across the membrane in a zig-zag fashion to ensure the whole of the 
bacterial deposits were treated. The time taken to pass the entire bacterial 
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deposit under the plume was timed to determine the treatment times for 
experiments and to assess treatment reproducibility. A minimum of five 
replicates were tested to ensure a consistent movement of the bacterial deposit 
under the plume. For plasma treatment of filter deposited samples the plasma 
plume traversed the membrane in a zig-zag fashion once every 15 s. The 
plasma plume traversed direct deposited samples every 5 s because the sample 
area is much smaller in comparison to filtered samples. For longer treatment 
times the plasma plume is traversed across the bacterial deposit perpendicular 
to the last.  
 
Control samples were always processed on the same day of plasma 
treatments in order to assess the effects of temperature, gas flow and RF field 
on the bacteria. Membranes were treated using the combination of a hot plate 
set to 100oC and an applied voltage of Vpp= 6.88 kV with a 5 slm gas flow of 
air. Under these conditions, membranes reached 40oC directly in the gas flow 
and a maximum temperature of 50oC when outside the gas flow. Because air 
was the flowing gas a discharge was not achieved so the sample was exposed 
to a similar RF field. 
 
A deviation to the CAP treatment was also tested in which following 
bacterial deposition the membranes were subjected to 90 s gas flow treatment 
prior to plasma treatment.   
2.8.3 Pulsed RF CAP Jet treatment of Agar spread bacteria 
A comparison between two different pulse repetition frequencies was 
conducted to investigate the effects on plasma reaction chemistry and 
inactivation efficiency. The two pulse repetition frequencies used for these 
experiments were the 25 kHz and 12.5 Hz. 
 
For treatment, bacteria were prepared on agar as described previously; 
the total treatment time for each sample ranged from 0 to 300 s. In order for a 
direct comparison to be made between the two different pulse repetition 
frequencies the same input voltage and current was used, this was 6.88 kV pp/ 
2.04 A pp respectively.  
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Pulsed RF CAP jet was physically fixed for treatments. The agar dish 
with the bacteria spread over the surface was placed directly beneath the 
plasma jet at a distance of 1 cm before the plasma was switched on for the 
desired treatment time. Agar plates after treatment were incubated at 30˚C for 
24 hrs to culture the bacteria, following this images were taken to compare the 
zones of inactivation between inactivation areas. The zones of inactivation 
were compared between the two pulse repetition frequencies in order to assess 
differences in plasma inactivation chemistries.  
2.9     Air Mesh plasma system 
An in-house power supply was developed to generate a surface barrier 
discharge in ambient air, termed the “air mesh” plasma system. The power 
source consisted of a kHz frequency DC – AC convertor capable of generating 
a square wave output from 1 – 100 kHz. The output of the DC-AC convertor 
was applied to a resonant high voltage transformer; with the transformer 
connected to the air mesh electrodes the resonant frequency was found to be 
24 kHz, as shown in figure 2.6.  
 
Fig 2.6: Circuit diagram for the “air mesh” plasma system. 
 
The electrode configuration for the air mesh plasma system consisted 
of a self adhesive aluminium electrode attached to one side of a Teflon sheet 
acting as the dielectric barrier. On the opposite side of the Teflon sheet is a 
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steel mesh electrode glued to its surface. The aluminium electrode was 
soldered to the power lead and the steel mesh was grounded, the electrodes 
were secured to the inside lid of a petri dish using glue. A plasma discharge 
was generated using an operating frequency of 24 kHz with an applied voltage 
of 10.4 kVpp. Applying a voltage to the electrodes generated a plasma 
discharge between the dielectric barrier and the grounded steel mesh. 
Typically, plasmas generated in molecular gases, such as air, operate in highly 
filamentary mode of operation. Over each half-cycle of the applied voltage 
many filaments form on the surface of the electrode, so many that the 
discharge appears to be uniform to the naked eye. The temperature of each 
filament can be high, beyond 500K; however, the short duration of the 
filament and their random spatial distribution ensure that the average gas 
temperature does not rise above 350K. Given the filamentary nature of the 
plasma, the air mesh arrangement ensured that the hot filaments never directly 
contacted the samples undergoing treatment, it is only the gas species that are 
able to diffuse to the sample that are responsible for inactivation. 
2.9.1 Air Mesh plasma treatment 
For air mesh plasma treatment, membranes containing filtered bacteria 
were placed 1 cm away from the grounded steel mesh electrode. This was 
achieved by carefully controlling the volume of agar used to support the 
membrane filter. The lid-mounted electrodes were placed on top of the agar 
plate containing the sample, thereby creating a partially closed system which 
contains and accumulates the plasma gas species generated. Treatment times 
ranged from 5-30 s. All treatments were conducted inside the class II BSC and 
1 min was left between treatments to allow plasma gas species enough time to 
recombine back to ground state or diffuse away from the treatment area.  
2.9.2 Air mesh attenuated plasma treatment 
An attenuated treatment was required for treatments of L. innocua and 
E. coli for flow cytometric analysis (section 2.16). An attenuated treatment 
was also required for MRSA strains that were subsequently treated with 
antibiotics (section 2.17). To attenuate plasma air mesh treatments, the 
distance between the petri dish lid containing the electrodes and the membrane 
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samples was increased to 25 mm. This created an air gap (10 mm) between the 
petri dish lid and the petri dish containing the sample and allowed greater 
diffusion of the plasma inactivating gas species from the sample. To further 
attenuate the plasma treatment, a computer fan was placed 20 cm away from 
the sample to blow air across the 10 mm air gap in order to reduce the 
concentration of inactivating gas species reaching the sample. All treatments 
were conducted in a class II BSC to maintain a sterile environment.  
2.10     Scanning Electron Microscopy (SEM) 
Bacteria-laden membranes were prepared by fixing in 1% (v/v) 
Gluteraldehyde in PBS for 1 hr followed by 3% (v/v) Gluteraldehyde 
overnight. Fixed samples were washed in PBS and dehydrated in steps using 
ethanol with a starting concentration of 20%, increasing to 100% in 10% 
increments; incubation at each step was for 15 mins. Fully dehydrated samples 
were first treated with a 1:1 solution of ethanol and Hexamethyldisilazane 
(HMDS) and then twice with 100% HMDS; each treatment lasting for 15 
minutes. After the final treatment HMDS was removed until a small quantity 
was left covering samples; these samples were left to dry in a fume hood. 
Once dry, samples were then secured to aluminium stubs using double sided 
sticky carbon pads (Agar Scientific, Essex, UK) and then sputter coated with a 
SC7620 “mini” sputter coater (Quorum technologies Ltd, Kent, UK) at 20 mA 
for 60 s with gold-palladium generating an approximate 20 nm layer. On the 
edge of the membranes a small quantity of conducting silver paint (Agar 
Scientific, Essex, UK) was then used to ensure that samples were completely 
grounded to the aluminium stubs minimising any charging effects. Samples 
were imaged using a Stereoscan 360 (Cambridge Scientific Instruments Ltd, 
Cambridgeshire, UK) operated at 15 kV using a tungsten filament at a working 
distance of ~25 mm. Images were taken at 2000, 6000 and 12000 X 
magnification. These assess distribution and morphological effects from 
plasma treatment. 
 
2.11     Amyloid fibre growth and preparation 
Amyloid β1-42 fibres were prepared and grown as described in the 
literature (Stine et al., 2003). Lyophilized peptide was treated in 1,1,1,3,3,3-
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Hexafluoro-2-Propanol (HFIP). Each vial of protein was diluted in 100% 
HFIP to make a 1 mM solution. The clear solution containing the dissolved 
protein was then aliquoted (200 µl) into micro centrifuge tubes. The HFIP was 
allowed to evaporate in a fume hood and the resulting clear peptide films were 
dried under vacuum and stored desiccated at –20°C until required.  
 
To grow amyloid fibres the protein films were resuspended to yield a 
5 mM concentration in anhydrous Dimethyl sulfoxide (Me2SO). Following 
protein re-suspension the solution was pipette mixed then bath sonicated for 
10 minutes. The 5 mM sonicated solution was diluted to 100 µM in 10 mM 
Hydrochloric acid (HCl), immediately vortexed for 30 s, and then incubated at 
37°C. Samples were removed at several time intervals for amyloid fibre 
growth assessment.  Mica disks of 9.9 mm in diameter (Agar Scientific) were 
attached to steel disks with double sided tape for ease of cleavage. Amyloid 
suspension (30 µl) was deposited onto freshly cleaved mica and incubated at 
room temperature for 5 mins, rinsed with 0.02 µm Anotop 10 filtered 
deionised water, and blown dry with tetrafluroethane before atomic force 
microscopy (AFM) analysis. Samples prepared for plasma treatment were 
always grown for 24 hrs. 
2.11.1     Atomic Force Microscopy (AFM) 
Amyloid Fibres were analysed before and after plasma treatment using a 
Dimensions 3100 Scanning Probe Microscope (Veeco Instruments) in the 
tapping mode. A single-crystal silicon microcantilever was used with a 
resonant frequency of 350 kHz and 42 N/ m spring constant model. Images 
were obtained using scan rates of 1 Hz. 
2.11.2     Pulsed RF CAP treatment of Amyloid deposits 
For the plasma treatment of amyloid deposits an earlier prototype of the 
pulsed RF CAP jet was used for experiments. The same electrode 
configuration as described is section 2.5 was used but the RF excitation was 
3.9 MHz and modulated with a 25 kHz pulse repetition frequency. Gas flow 
composition was a He/ O2 mix flowing at 10 slm and 50 sccm respectively. 
The distance from nozzle tip to mica surface containing the amyloid deposit 
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was fixed at 1 cm. Plasma treatment of amyloid films was achieved using a net 
input RF power of 4 W at a voltage and current of 8.36 kVpp and 2.196 App 
respectively. 
 
Control samples were treated by flowing He/ O2 gas without plasma for 
5 mins, heating the samples to 80˚C for 5 mins an hotplate and a combination 
of the two. Plasma gas temperatures for plasma treatment were always below 
55oC, and therefore the choice of 80˚C was to provide a greater thermal 
challenge to the surface-borne amyloid aggregates.  
2.12     X-Ray Photoelectron Spectroscopy (XPS) 
XPS analysis was performed using a VG Escalab MK machine. The X-
ray source was a ALK alpha radiation running at 8 kV, 20 mA and 160 W 
non-monochromated. The analysis diameter was about 2 mm with a normal to 
surface sample electron emission angle. Peak fitting was conducted using 
XPSPeak 4.1, free fitting software downloaded from 
http://www.uksaf.org/software.html (UK surface analysis forum, 2007). 
2.13    Lipid extraction 
Lipid extraction was performed according to the method described by 
Sasser (1990).This method was chosen for extraction of both L. innocua and 
E. coli K12 lipids because it has been shown to be capable of extracting a 
variety of unsaturated, cyclic and hydroxyl fatty acid methyl esters from a 
range of different bacterial species for identification purposes. For treatments 
of L. innocua or E. coli containing different lipid compositions the cultures 
were not chilled on ice prior to filtering on to membranes to avoid altering the 
lipid compositions before treatments instead the bacteria were left at room 
temperature.    
          2.13.1  Reagent stock solution 
The following reagents were prepared: Saponification reagent 1 
consisted of 9 g Sodium Hydroxide (NaOH) dissolved in 30 ml Methanol 
(MeOH) and 30 ml distilled water (dH2O). Mehtylation reagent 2 comprised 
65 ml 6.0 N certified Hydrochloric acid (HCl) mixed with 55 ml MeOH. 
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Extraction reagent 3 comprised of 25 ml Hexane mixed with 25 ml Methyl 
tertiary butyl ether. Base wash reagent 4 consisted of 1.2 g NaOH dissolved in 
100 ml dH2O. 
2.13.2 Lipid extraction 
For lipid extraction, L. innocua and E. coli K12 were cultured in their 
respective media as described in section 2.3. Both strains were cultured at two 
temperatures to establish whether lipid composition affected resistance to 
plasma treatment. L. innocua was cultured at 7 and 40˚C and E. coli K12 at 17 
and 37˚C. Both strains were first cultured at 30˚C for 16 hrs from frozen bead 
stocks, 100 µl of 16 hr culture was transferred to fresh broths pre-incubated at 
the desired temperature until stationary phase has been reached as assessed 
from the growth curves. Stationary phase cultures were harvested by 
transferring 40 ml into 50 ml sterile Falcon tubes and centrifuged at 4500 rpm 
for 15 mins with a Heraeus Labofuge 400R (Thermo scientific, 
Loughborough, UK). Following centrifugation the supernatant was discarded 
and the pellet was re-suspended in 40 ml sterile PBS and then centrifuged a 
second time under the same conditions. The remaining bacterial pellet 
weighed ~200 mg wet weight for both strains.  
 
The saponification reagent was added at a volume of 1 ml to every 
50 mg bacteria and vortexed to resuspend the pellet. Aliquots of 1 ml were 
transferred to glass vials sealed with a Teflon lined screw cap (Sigma Aldrich) 
and incubated for 5 mins at 100˚C. Vials were vortexed briefly then returned 
to 100˚C for 25 mins. 
 
Once tubes were cooled, 2 ml of the methylation reagent 2 was added 
and  vortexed. After vortexing, the tubes were heated for 10 ± 1 mins at 
80°± 1°C. Once methylated, the lipids were extracted by the addition of 
1.25 ml extraction reagent 3 and then gently tumbled for 10 mins. Mixed 
samples were allowed to settle into two layers then the aqueous (lower) phase 
was pipetted out and discarded using a fine-tipped glass syringe. To the 
remaining aqueous phase 3 ml of the Base wash reagent 4 was added and 
tumbled for a further 5 mins. Once the mixture has settled into two layers 
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about 2/3 of the organic phase (top) was pipetted into a GC vial which was 
capped and ready for analysis. The extracted lipids were pooled into one GC 
vial for each triplicate to ensure high enough lipid concentrations were 
obtained. Samples were adjusted to a concentration of ~15,000 ppm before 
analysis. 
2.13.3 Lipid analysis 
Lipid extracts were analysed using two different Gas chromatography-
Mass spectrometry (GC-MS) instruments. The Hewlett Packard series II 
5890A combined with the Hewlett Packard 5973 MSD was used for all 
L. innocua lipid analysis. For E. coli lipids, the Agilent Technologies 7890A 
was combined with the Mass spectrometer 5975C inert with triple axis 
detector. The choice of instrument was determined by their availability within 
the department when experiments were conducted. Both machines were 
equipped with a split/splitless injector a 30 m x 0.25 mm ID, 0.25 μm film 
SPB-1 capillary column (Supleco) for fatty acids analysis. Samples (2µl) were 
injected into the split mode (ratio, 1:50) for L. innocua and (ratio, 1:25) for 
E. coli and the column was raised from 150°C after 4 mins holding to 250°C 
with 5 mins holding at a rate of  4°C/ min. The injection port was held at 
160°C and the carrier gas was helium (1 ml/min). Control samples comprised 
a Bacterial Acid Methyl Ester (BAME) Mix and were analysed before and 
after samples were run to ensure no significant drifts in the peaks were 
detected during analysis. Separation of BAME mix is shown in figure 2.7. 
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2.14   Flow Cytometry Analysis 
2.14.1 Bacterial culturing for flow cytometry analysis 
All solutions used for growing, washing and manipulating samples were 
filtered using Minisart-Plus 0.2 µm pore sized filters (Sigma Aldrich) unless 
otherwise stated. For all flow cytometry experiments 500 ml Erlenmeyer 
flasks used for culturing were washed twice with 0.2 µm filtered deionised 
water to remove as many particles as possible. The constituents of BHI broth 
or TSB were firstly dissolved, then 100 ml was syringe filtered (0.2 µm) into 
each of the pre washed flasks and autoclaved (121˚C for 15 mins). Syringe-
filtering was chosen over bottle top-filtration because the former produced 
fewer bubbles as these have been shown to have scatter properties similar to 
bacteria.  
 
L. innocua and E. coli K12 were cultured to stationary phase at each of 
the temperatures as described in section 2.4. Stationary phase grown cells were 
diluted in filtered PBS to give a final concentration of ~2-4x107 CFU/ ml then 
filtered on to membranes as described in 2.6.2.  
 
Control cultures were always prepared the same day as plasma treatment 
experiments to ensure the working stain solutions had been correctly prepared 
and that the correct gates could be set for analysis of plasma treated samples. 
 
An exponential cell culture was used as one control. To prepare this a 
100 µl of a 24 hr grown culture was used to inoculate a fresh 100 ml filtered 
BHI broth for L. innocua or TSB for E. coli. This broth was then incubated at 
37˚C 140 rpm for 3 hrs (L. innocua) or 2 hrs (E. coli). The final concentration 
after incubation was ~4x107 CFU/ ml, 40 ml of this culture was pipetted into 
50 ml BD Falcon tubes (BD biosciences, Oxford, UK) and centrifuged at 
4500 rpm for 15 minutes with a  Heraeus Labofuge 400R (Thermo scientific, 
Loughborough, UK). The supernatant was discarded and the pellet was 
resuspended in 40 ml filtered PBS. Washed cells were centrifuged again at 
4500 rpm for 15 mins and the supernatant was discarded. The cell pellet was 
then resuspended in 4 ml of filtered PBS and vortexed to generate an 
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exponential growth control with a concentration ~4x108 CFU/ ml. This stock 
concentration was diluted to a final concentration of ~1x106 CFU/ ml prior to 
staining and analysis. 
 
The second control culture comprised dead cells. To prepare this 
particular control, 10 ml of a 24 hr culture grown as described previously was 
pipetted into a 15 ml BD Falcon tube and centrifuged at 4500 rpm for 15 mins. 
After discarding the supernatant the pellet was either resuspended in 10 ml 
filtered PBS or 70 % Ethanol. Resuspended bacteria in ethanol were held for 
30 mins and PBS-resuspended bacteria were incubated at 80˚C for 30 mins to 
ensure total inactivation. Treated bacteria were centrifuged again at 4500 rpm 
for 15 mins and then resuspended in 10 ml fresh filtered PBS. This was 
repeated twice for ethanol-killed cells to remove the ethanol. The final solution 
contained ~4x109 bacterial cells/ ml for L. innocua and ~8x109 cells/ ml for 
E. coli. Control cultures prepared as described above were always diluted to a 
final concentration of ~1x106 cells/ ml prior to staining and analysis. 
2.14.2 Stains 
The stains used for analysis were Green-Fluorescent Nucleic Acid 
(SYTO13), Propidium Iodide (PI), Bis - (1,3 - dibutylbarbituric acid) 
trimethine oxonol (DiBAC4(3)) and carboxy fluorescein diacetate (cFDA). All 
stains were purchased from Life Technologies (Life Technologies Ltd, 
Paisley, UK). They were all excited at 488 nm-the argon ion laser line. 
 
SYTO13 is a cell permanent nucleic acid stain; it emits bright green 
fluorescence (~515 nm) upon binding to nucleic acid.  
 
PI is a nucleic acid stain non-permanent to cells that have an intact 
membrane; it is commonly used to detect dead cells in a population. PI 
fluoresces red (~620 nm) once intercalated with DNA, and can be used in 
combination with SYTO13 to distinguish between viable and dead bacteria. If 
both stains are present in a dead cell PI quenches SYTO13 green fluorescence 
and increases its own red fluorescence.  
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DiBAC4(3) is an anionic dye that is potential-sensitive, it can enter 
depolarised cells and bind to intracellular proteins or membranes where it has 
an enhanced green fluorescence (~516 nm). Greater depolarisation of cells 
leads to increased fluorescence whilst hyperpolarisation causes a decreased 
fluorescence as a result of less dye binding. 
 
 cFDA is a non fluorescent probe, it is a cell permeant esterase substrate 
that is commonly used as a viability probe. Once inside the bacterium it is 
hydrolysed by non specific esterase enzymes to generate carboxyfluorescein 
(cF) a green fluorescent product (~525 nm). Due to the negative charges, cF is 
retained inside a cell with an intact membrane, this allows membrane integrity 
and enzyme activity to be assessed simultaneously. 
 
All stains described above were tested at a variety of different 
concentrations using control cultures of bacteria to ensure the optimal 
concentrations were used for staining. 
2.14.3 Staining procedures 
For SYTO 13 staining a stock solution of 5 mM was diluted in filter-
distilled water to generate a working solution of 20 µM for L. innocua and 
1 mM for E. coli analysis. Volumes of 10 µl of 20 µM and 2 µl of 1 mM 
working solutions were added to 1ml samples to give a final concentration of 
0.2 µM and 2 µM for L. innocua and E. coli respectively. Stained solutions 
were incubated at room temperature for 5 mins (L. innocua) and 25 mins 
(E. coli) prior to analysis using the flow cytometer. 
 
A stock solution of 1 mg/ ml DiBAC4(3) was made up in Dimethyl 
sulfoxide (DMSO) and filtered to remove any particles. A working 
concentration of 20 µg/ ml and 50 µg/ ml was generated on the same day of 
analysis for L. innocua and E. coli respectively. A 10 µl aliquot of the working 
solution was added to 1 ml samples to give a final concentration of 0.2 µg/ ml 
and 0.5 µg/ ml for L. innocua and E. coli respectively. The dyes were 
incubated at room temperature for 15 (L. innocua) and 10 mins (E. coli) to 
allow the stain to equilibrate.  
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A stock solution of 1 mg/ ml PI was made in filtered deionised water and 
stored a 4˚C, this stock solution also acted as the working solution. A 10 µl 
aliquot of the working solution was added to 1 ml samples. PI was always dual 
stained with SYTO 13 and DiBAC4(3) and therefore the incubation time was 
always the same as the dye it was dual-stained with. For L. innocua, SYTO 13 
dye was incubated for 5 mins and DiBAC4(3) 15 mins. For E. coli, SYTO 13 
dye was incubated for 25 mins and DiBAC4(3) for 10 mins.   
 
Stock solution of 5 mg/ ml cFDA was made up in DMSO and filtered to 
remove any particles. A 2 µl aliquot of stock solution was added directly to 1 
ml of samples to give a final concentration of 10 µg/ ml and incubated at room 
temperature for 15 mins before being analysed. DMSO concentration in final 
analysis solutions was always kept <1% to avoid adverse staining effects and 
only L. innocua was analysed with this probe. 
 
All stock solutions except PI were stored at -20˚C, protected from light 
and in the presence of a desiccant to minimise stain deterioration. PI was 
stored at 4˚C and also covered to protect from light. Working solutions were 
always freshly prepared at the start of a new day of analysis. 
2.14.4 Flow cytometry analysis 
Samples were analysed on a BD FACSCalibur™ (BD Biosciences, UK) 
using a 15-mW, 488 nm argon ion laser. The focusing lens generated a 22 μm 
x 66 μm elliptical beam on the flow stream. Sheath pressure for experiments 
was 4.5 psi with a sample flow rate ~12 μL/ min for the slowest setting. 
Forward scatter (FSC) signal was collected by the FSC diode. Side scatter 
(SSC) and fluorescent signals were collected by a fluorescence collection lens 
and spectrally split by a collection of dichroic mirrors (DM) and filters as 
shown in figure 2.8. SYTO13, DiBAC4(3) and cFDA were detected in the FL1 
(530/30) and PI in the FL3 (650LP) channel. Control cells were used to adjust 
compensation and photo multiplier tube (PMT) voltages for the different 
fluorescence channels; this was done to ensure all known changes in 
fluorescence could be clearly observed and that they remained within range in 
scale. FSC was always set on the voltage setting E01 and SSC was adjusted so 
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the bacteria were away from the axis and background noise from particles and 
electronic noise. To further remove interfering noise, bacteria were gated using 
the FSC vs. SSC plot. To establish the position of the gate, cells were stained 
with SYTO13, events that did not show fluorescence was background noise. 
The gate was adjusted to remove as much background noise as possible before 
analysis was recorded. For every sample 50, 000 events were recorded inside 
the gated region for complete analysis allowing high statistical resolution of 
the treated population. Bacterial samples were plasma treated using the 
attenuated air mesh plasma as described in section 2.8.2 then re-suspended in 
10 ml of filtered PBS. Re-suspended bacterial samples were diluted to a 
concentration ~1x106 CFU/ ml before being stained and incubated with dyes 
as described in section 2.16.4. For each plasma treatment time, cFDA was 
analysed alone and SYTO13 and DiBAC4(3) were analysed alone and in 
combination with PI. After Flow cytometry analysis, bacteria were also plated 
out and counted as described in section 2.9 for a comparison with viable cells. 
Analysis of all flow cytometry data was conducted using WinMDI 2.9. 
(Trotter, 2011). 
 
Fig 2.8: BD FACSCalibur optical setup of dichroic mirrors and fluorescence filters for 
fluorescence detection taken from instruments instruction manual. 
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2.15   Effects of plasma treatment on antibiotic resistance of 
MRSA 
2.15.1 MRSA culturing conditions 
 All MRSA strains were cultured in Tryptone Soya Broth (TSB). A bead 
containing cells from frozen stock was aseptically transferred to 100 ml sterile 
medium, cultured for 16 hrs at 140 rpm and at 30˚C. From this suspension 100 
µl was aseptically transferred to three fresh sterile broths and incubated to 
reach stationary phase growth for 24 hrs at 140 rpm and at 35˚C. After 24 hrs 
growth bacteria was diluted in sterile PBS to a concentration ~2x107 CFU/ ml 
and 1 ml was filtered onto membrane filters as described in section 2.6.2. 
 
MRSA PM 64 and PM 25 were also cultured in an iron-restricted 
medium. RPMI 1640 tissue culture medium described in section 2.3.6 was 
used with some modifications to the formula. HEPES buffer was added to a 
final concentration of 5.96 g/ L. The HEPES-containing RPMI medium was 
incubated at 4˚C, mixed with Chelex 100 (Sigma) at 6 % (w/v) and chelated 
overnight with constant stirring to remove all metal ions. The chelated RPMI 
medium was filter-sterilised into a sterile Duran bottle and non chelated RPMI 
medium was added at 10 % (v/v) to ensure there were enough metal ions for 
bacterial growth. The iron-restricted RPMI medium (100 ml) was then 
aseptically transferred to 500 ml pre-sterilised Erlenmeyer flasks in a class II 
BSC. 
 
Culturing condition incubation times and temperatures for the iron-
restricted RPMI medium were identical to those used with the TSB medium. 
Bacteria cultured in iron-restricted RPMI medium were centrifuged at 4500 
rpm for 15 minutes and re-suspended in PBS to remove growth medium once 
the bacteria had reached the stationary phase of growth. This was because the 
maximum bacterial concentrations in iron-restricted RPMI medium were 
significantly lower than those obtained with TSB. Once bacteria were 
resuspended in PBS 1 ml was filtered on to membrane filters as described in 
section 2.6.2. 
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2.15.2 Plasma and antibiotic treatments 
Membrane-filtered bacteria were treated with the attenuated air mesh 
plasma as described in section 2.8.3. Two different agar supports were used 
for inactivation tests. For the iron-restricted RPMI cultured bacteria a high 
purity agar (Bacteriological Agar no.1, Oxoid, Basingstoke, UK) was used that 
contained low concentrations of ions and minerals to support the membrane 
during plasma treatment. To test if the agar support affected the plasma 
inactivation, bacteria cultured in the nutrient rich TSB medium were treated on 
both the high purity agar and the normal agar (Technical Agar no. 3, Oxoid, 
Basingstoke, UK). Membrane-filtered MRSA were treated for 10 and 30 s 
then aseptically transferred to 10 ml PBS and vortexed for 45 s to re-suspend 
the bacteria. Serial dilutions of re-suspended bacteria were all pour-plated with 
TSA to determine the extent of bacterial inactivation. Samples (100µl) were 
also taken following each treatment and spread onto TSA plates until absorbed 
into the surface. These TSA agar plates were left for 10 mins before an 
antibiotic strip was placed in the centre of the plate and left for a further 
10 mins then incubated for 24 hrs at 35˚C. After incubation, images were 
taken of the bacterial growth patterns for each antibiotic as shown in figure 
2.9.  
 
Fig 2.9: Antibiotic treatment of MRSA PM 64 with Chloramphenicol. 
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Antibiotics test strips (Launch diagnostics Ltd, Kent, UK) contain a 
variety of different concentration of the antibiotic impregnated into the strip. 
When placed on to the surface of the agar the antibiotic diffuses away from the 
strip. Antibiotics tested was Ampicillin (Amp), Chloramphenicol (C), 
Ciprofloxacin (Cip), Kanamycin (K), Norfloxacin (Nor), Oxacillin (Ox), 
Tetracycline (Te) and Trimethoprim (Tm). Concentrations ranged from 256- 
0.16 µg/ ml for all antibiotics except Cip and Tm that had a lower range from 
32- 0.002 µg/ ml. 
 
The bacterial concentration spread on the agar for antibiotic tests is 
known to affect the MIC. To match the bacterial concentrations as closely as 
possible all plasma inactivation tests were conducted before non plasma 
treated controls. This allowed the concentration of bacteria that survived the 
plasma inactivation to be determined so that non plasma treated controls could 
be filtered and re-suspended in to PBS and then diluted to match the bacterial 
concentrations.   
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3. Investigations into mechanisms of bacterial 
inactivation by cold plasmas 
3.1    Introduction 
Current knowledge of just what are the biological targets of plasma 
inactivation is rather limited and, added to this, the significance of microbial 
physiological conditions in determining their susceptibility to treatment is 
poorly appreciated. At the level of individual micro-organisms, evidence has 
been presented of plasma-mediated etching and/or oxidation of cell 
membranes (Deng et al., 2006, von Keudell et al., 2010), degradation of 
surface proteins (Lee et al., 2009), and DNA damage (Leduc et al., 2010, Kim 
et al., 2010, Kalghatgi et al., 2011). However, it remains unclear which of 
these mechanisms dominate under what conditions, and whether lethal plasma 
species are generated simultaneously or in a cascaded fashion. In addition, 
microbial resistance to plasma treatment is likely to be influenced both by the 
physiological state of the micro-organisms themselves and that of their 
microenvironment.  
 
It has been determined that the physiological state of vegetative bacteria 
is significantly influenced by the phase, rate and temperature of growth as well 
as by their environment (Ihssen & Egli 2004, Berney et al., 2007, Berry et al., 
2009). Physiological conditions thus have a direct and significant role in the 
defence of vegetative cells to external stresses. It is therefore not surprising 
that inactivation studies with atmospheric plasmas have confirmed the 
significance of the growth phase of vegetative cells and their growth medium 
(Yu et al., 2006). One complication arises because of the heterogeneous 
structures formed by microbial communities when deposited on a substrate 
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surface. The most common method of depositing microorganisms in 
laboratory studies for plasma inactivation is to pipette them onto a solid 
surface before exposing them to low-temperature plasmas. This technique is 
likely to result in uneven treatment of the microbial population. 
Microorganisms at the uppermost layers are more directly exposed to plasma 
treatment and would suffer greater damage than those cells protected by stacks 
of cells above them. Simple pipette deposition lacks control of the bacterial 
distribution, and the resulting microbial sample is likely to have a case-specific 
heterogeneous structure that is influenced by the initial cell concentration and 
therefore subsequent plasma treatment may lead to case-specific inactivation 
data. Although the pipette deposition of bacteria may better represent a real 
sample found in the natural environment, it complicates the identification of 
the bacterial targets associated with the plasma treatment. 
 
In this chapter an experimental procedure to remove the complications 
and uncertainties is firstly described. The procedure aims at microbial sample 
preparation such that microbes are deposited in a homogeneous form on a 
substrate so that their resistance to plasmas can then be defined clearly in order 
to aid interpretation of the results obtained with confidence and 
reproducibility. Secondly, comparisons between plasma inactivation kinetics 
for the two different bacterial deposits are described. Thirdly, plasma treated 
samples have been characterised using SEM for better understanding of the 
inactivation mechanism as well as a comparison between two different 
species, a Gram negative (E. coli) and Gram positive (L. innocua) strain. 
Different plasma parameters were also tested to assess changes in plasma 
inactivation chemistry. Finally a comparison between the inactivation 
mechanisms for a different plasma system is investigated. The first system is a 
pulsed plasma jet with a He/ O2 gas mixture. The plasma plume of this system 
will directly contact the bacteria being treated. The second system is an air 
mesh system where the plasma is generated remotely away from the bacteria 
and the neutral diffuse species and UV treat the sample. 
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3.2    Results 
3.2.1 Generation of a homogeneous bacteria deposit 
The filtration of bacteria onto membranes similar to those employed in 
this work has previously been used in SEM imaging of bacteria (Kai et al., 
1999, Kaláb et al., 2008). As used here it was intended to enable the bacteria 
to be presented to the effects of gas plasma without complications caused by 
heterogeneous structuring of the microbial population such as cell stacking 
which would lead to shielding effects (Deng et al., 2005, Pollak et al., 2008). 
An indication of the concentration that would produce a uniform monolayer of 
L. innocua was first obtained from a knowledge of the average dimensions of 
Listeria cells (1.5 by 0.5 µm) and the available filter area (78.54 mm2). On the 
basis of their dimensions, a concentration of 1x108 CFU should result in even 
distribution with no stacking. SEM images of filtered L. innocua cells with 
concentrations both above and below this value are shown in figures 3.1 (a-l). 
At a bacterial concentration of 8x108 CFU which is greater than that 
theoretically calculated, significant stacking of bacteria can be observed on 
areas of the underlying membrane filter being visible (figure 3.1 (a-c)). 
Filtration carried out with a bacterial suspension at a concentration of 2x108 
CFU is shown in figure 3.1 (d-f). This concentration is still above that of the 
theoretically calculated and revealed some clumping and clustering of cells, 
although greater areas of underlying membrane were visible. Cells at a 
concentration of 4x107 CFU appeared to be uniformly distributed as a single 
monolayer (figure 3.1 (g)). It is also important to show that this occurs across 
the entire membrane filter, the distribution was constant at the centre of the 
membrane (figure 3.1 (g)), its edge (figure 3.1 (i)) and a mid-point in the area 
intermediate between these two spatial locations (figure 3.1 (h)). At a cell 
concentration of 8 x 106 CFU no cell stacking was observed and the average 
distance between individual bacterial cells had become relatively large (figure 
3.1 (j-l)). The density, structure, and the spatial uniformity across the entire 
sample were found to be reproducible from sample to sample using the 
filtration deposition method. 
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Figures 3.1 (m-o) were obtained following the direct deposition of 10 µl 
of L. innocua suspension at a concentration of 4 x 107 CFU. This 
concentration was employed to compare against the highest filtered 
concentration that produced a monolayer. In contrast to the filtered samples, 
the area over which this volume spread for this method of deposition was 
approximately 5 mm in diameter i.e. half the diameter occupied by bacteria 
that were filtered. As a result, abundant clustering and stacking of L. innocua 
cells was observed throughout, with particularly heavy stacking being visible 
at the edge of the deposit (figure 3.1 (o)). Such heterogeneous distribution is 
most likely due to the transportation of cells across the membrane surface as 
drying takes place, and its surface profile, with more bacterial cells deposited 
at the edge of the sample, similar to that of protein directly deposited on 
stainless steel surface (Deng et al., 2007b, Deng et al., 2007c). Lower 
concentrations (4x106 – 4x107 CFU) of L. innocua deposited onto the 
membranes by this method were similarly heterogeneous.  
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Fig 3.1: SEM images at 2000 x magnification assessing bacterial distribution for two 
deposition methods. (a-l) are filtered bacterial solutions at different concentrations. (m-o) 
Direct 10 µl deposit of 4 x107 CFU. (a-c) 8 x108 CFU; (d-f) 2 x108 CFU; (g-i) 4 x107 CFU; (j-
l) 8 x106 CFU. Column 1 comprises of images at the centre of the deposit. Column 2 images at 
the midpoint between centre and edge of the deposit and Column 3 images at the edge of the 
deposit. 
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3.2.2 Characterisation of pulsed RF plasma jet parameters 
Plasma inactivation experiments using both methods of cell deposition 
were conducted in order to investigate the effects on inactivation of 
heterogeneity in cell distribution, particularly cell stacking and clumping. The 
plasma system used for the treatments was the Pulsed RF plasma jet described 
in section 2.7 which was fully characterised in order to ensure that any 
differences observed between microbial samples were not due to variations in 
the plasma itself.  
 
Figure 3.2 (a) shows typical current and voltage waveforms during a 5 
ms pulse for an applied voltage and current of Vpp = 6.88 kV and Ipp = 2.04 A, 
respectively. For both methods of cell deposition, two different applied 
voltages were tested at which the temperature profiles are shown in figure 3.2 
(b). A maximum temperature of 40oC was never exceeded in any experiment, 
precluding direct thermal inactivation of treated bacteria. During each 
experiment, the membrane was continuously moved in a zig-zag fashion so 
that the entire surface area of the membrane was exposed to the plasma. 
Typically 15 and 5 s was the length of time required to evenly treat the entire 
area covered by cells for filtered and deposited samples respectively.  
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Fig 3.1: (a) Current and voltage trace for Vpp= 6.88 kV and Ipp= 2.04 A. (b) 
Temperature profile over time for two applied voltages. 
 
To ensure the composition of the plasma was consistent for all 
treatments, optical emission spectra were routinely recorded and analyzed. An 
optical monitoring unit was mounted onto the jet housing unit so that its 
position from the plasma jet plume was kept constant to eliminate variations 
due to repeated assembling and dismounting of the apparatus (figure 2.5 b). 
The tip of the optical probe was located 6 mm vertically from the jet nozzle 
and horizontally 6 mm from the plasma jet, a typical spectrum for Vpp= 6.88 
kV is shown in figure 3-3 (a), and clearly reveals the presence of excited 
atomic oxygen and nitrogen species. In figure 3.3 (b) the emission intensities 
for the three atomic oxygen lines at 777, 845 and 926 nm for the two different 
treatment voltages are shown. Increasing the applied voltage resulted in a 
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greater production of oxygen atoms as indicated by all of the atomic oxygen 
lines. Attention was focussed on atomic oxygen lines in particular, and 0.5% 
(v/v) O2 was added to the helium (He) to give a higher concentration of 
reactive oxygen species (ROS). Previous results have suggested that the latter 
play an important role in microbial inactivation and that atomic oxygen lines 
may be used as indicators of biocidal plasma species (Kim & Kim 2006, Perni 
et al., 2007, Hong et al., 2009). 
 
Fig 3.3: (a) Emissions spectrum for Vpp= 6.88 kV and Ipp= 2.04 A. (b) Comparison of 
atomic Oxygen lines at 777, 845 and 926 nm for two applied voltages. 
 
3.2.3 Sample deposit effects on inactivation kinetics 
Plasma inactivation results for the filtered and directly deposited samples 
at two different applied voltages are shown in figure 3.4. Control samples 
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(blue triangles) for the filtered (solid line) and directly deposited (dashed line) 
samples showed small reductions in viability of approximately 0.6 and 0.2 log 
respectively over 120 s of treatment. These reductions were interpreted as 
resulting from the removal of loosely adhered bacteria by the gas flow itself. 
Neither the RF field nor thermal effects resulted in significant reductions in 
viability because losses of similar and greater magnitude were observed for 
samples treated with 90 s gas flow alone.  
 
The two deposition methods resulted in very different physical 
distributions of the bacteria, which in turn resulted in significant differences in 
the form of the plasma inactivation curves. For the directly deposited cells 
changing the applied voltage from Vpp= 6.32 to 6.88 kV made no significant 
difference to the extent of bacterial inactivation. For this type of deposition a 
maximum reduction of 0.8 log was achieved over 90 s total treatment time. It 
has previously been conjectured that in situations where heavy cell stacking 
occurs the plasma species will interact primarily with the top layer of bacteria 
(Moisan et al., 2001a, Deng et al., 2005, Yu et al., 2006, Pollak et al., 2008). 
Plasma inactivation of cells at the top layer will take place at a rate determined 
by the rate at which reactive plasma species reach the exposed cells but 
underlying bacteria will be largely shielded from the lethal effects of the 
plasma.  
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Fig 3.4: Pulsed RF CAP inactivation of direct deposited (dashed lines) and filter 
deposited (solid lines) for Vpp = 6.32 kV (black squares) and Vpp = 6.88 kV (red circles). 
Control samples (blue triangles) were treated with a 5 slm air gas flow Vpp = 6.88 kV on a 
100˚C hot plate. 
 
The treatment times shown in figure 3.4 are total treatment times, and do 
not represent the actual contact time individual areas of the membrane were 
exposed to the plasma plume. The diameter of the plasma plume was 
approximately 3 mm when impacting the membrane surface and in order to 
ensure that the entire surface of the membrane received exposure, the 
membrane was kept in motion during treatment so that the entire surface was 
covered in a regular pattern. For the filtered cells this meant that for a total 
treatment time of 15 s the plasma plume had traversed the entire surface area 
once over this period of time. Since the plasma is operated in pulsed mode, for 
a 15 s treatment time the plasma is only on for ~1 s, therefore actual exposure 
times are less than a second. For the directly-deposited bacterial sample, where 
the area in which the bacteria were concentrated was less than that for the 
filtered samples, a 90 s total treatment time translates to an actual contact time 
of ~1.6 s. Times of this magnitude are likely to be too short to allow any 
substantial erosion of the top layer of bacteria to occur. Consequently, the 
underlying bacteria are unlikely to become exposed to the reactive plasma 
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species helping to explain why only low log reductions were obtained in 
directly deposited samples.  
 
Filtered uniform samples (solid lines figure 3.4) had a significantly 
improved inactivation because prior to plasma treatment all the bacteria were 
exposed and available to the plasma gas species (see figure 3-1 (g-i)). One way 
analysis of variance (ANOVA) showed that increasing the applied voltage 
from Vpp= 6.32 (black squares) to 6.88 kV (red circles) significantly improved 
the inactivation at least at the 5 % level for all treatment times. A maximum 
log reduction of 5.22 was achieved for the highest applied voltage in 90 s, 
equating to a contact time of ~0.9 s. A key observation for the filter deposited 
inactivation curves shown in figure 3.4 is that experiments at both applied 
voltages produced biphasic inactivation curves, even though the sample was 
known to be evenly dispersed on the surface of the membrane with little 
stacking of bacteria (figure 3.1 (g-i)). Interestingly, the higher applied voltage 
appears to have three phases of inactivation compared to the lower applied 
voltage. A rapid initial inactivation phase for the first 15 s is followed by a 
slower phase from 15 – 60 s; the final inactivation phase (60 – 90 s) is then 
shown to increase again. Moisan et al. (2001) has also shown dual and tri-
phasic inactivation (Moisan et al., 2001a). The authors believed the 
inactivation would be linear and suggested that the different phases were due 
to stacking and shielding of bacteria from key plasma species. This suggests 
either that some change may have taken place in the microbe sample and/or 
that plasma-cell interactions may have been altered during treatment. The 
plasma treated bacterial samples for filtered deposits were characterised using 
SEM to try to better understand the inactivation kinetics. 
 
3.2.4 Characterisation of plasma treated deposits 
SEM images were taken of filtered deposits that had been plasma treated 
for 15 s (figure 3.5 (a)). It is evident that for a short treatment time of 15 s, 
equating to ~0.15 s contact time, there is significant damage (cell flattening 
and lysis) to a proportion of the listerial community with their cell walls 
appearing to be severely compromised (figure 3.5 (b)). There is also an 
unusual circular patterning effect of the bacterial sample that was not observed 
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in untreated samples (figures 3.1 (g-i)). It was not clear whether plasma 
treatment caused this by some physical means, or whether the pattern arose as 
a result of some sort of response by the bacteria to the external plasma 
stimulus. 
 
Fig 3.5: SEM image taken at 2000 x magnification for (a) 15 s plasma treatment and 
(b) enlarged section of image (a)  
 
To assess whether the phenomenon was plasma-dependent, filtered cell 
deposits were subjected to a helium-oxygen gas flow for 15 s from the plasma 
device without generating a plasma (figure 3.6(a)). Gas flow treatment of 15 s 
was sufficient to show the same patterning effect without any gross physical 
damage to the listerial cells being evident. This suggests that the patterning 
observed in figure 3.6 is solely the result of drying by the flowing gas. This 
form of cell aggregation is also seen in figure 3.6 (b) which shows a control 
sample left to dry for 90 s in static air. The aggregation pattern for the sample 
dried in a 15 s gas flow (figure 3.6 (a)) appears more developed than that dried 
in static air (figure 3.6 (b)) because the drying process is increased.  
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Fig 3.6: SEM image taken at 2000 x magnification for (a) 15 s gas flow and (b) 90 s 
static air drying  
 
Interestingly, no patterning was evident in any of the images of figures 
3.1 (g-i), for which the samples were only placed directly on agar for a period 
of 60 min after filtering. These samples were then immediately fixed in 
Gluteraldehyde and prepared for SEM analysis. The agar support maintained 
conditions that kept the samples moist, and therefore these samples were never 
allowed to dry out completely. By contrast, membrane samples used in figures 
3.4, 3.5 and 3.6 were held on agar for 60 mins then transferred to blank petri 
dishes and secured by double-sided adhesive tape for treatments (figure 2.3). 
This was done to avoid changes in the sample distance during treatments due 
to gas flow drying of the agar support. Drying of the agar support could also 
alter the electrical properties of the substrate and as such the properties of the 
plasma during the treatment, leading to complications in data interpretation.  
 
Circular patterning similar to that shown in figures 3.6 has also been 
observed in the literature involving studies investigating biofilms (Donlan, 
2002). Because bacteria in biofilms are more resistant to stresses such as 
chemical disinfectants and antibiotics (Stewart & Costerton 2001, Donlan & 
Costerton 2002), investigations were performed to see whether the effects of 
drying caused L. innocua to alter its resistance to the subsequent plasma 
treatment. To investigate the effects of drying, samples were pre-treated for 90 
s with He-O2 gas flow at 5 slm followed by plasma inactivation for the same 
treatment times as previously used in figure 3.4. The resultant curves in figures 
3.7 (a) and (b) show that for both applied voltages, plasma inactivation was 
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very similar for listerial samples with and without pre-treatment except for the 
log reductions over the first 15 s. The starting concentration of viable bacteria 
for samples pre-treated with gas flow was significantly lower than those 
without pre-stressing due to bacterial losses caused by the 90 s gas flow 
treatment (P < 0.01). This is consistent with the previous interpretation that 
the RF field and temperature play no role in the inactivation curves obtained 
for control samples. Interestingly, the log reductions over the first 15 s 
treatment for both applied voltages was lower for the samples that were pre-
treated with 90 s gas flow compared to samples without pre-treatment. For 
Vpp= 6.88 kV (figure 3.7 (a)) average log reductions of 2.05 and 2.95 were 
obtained with and without pre-treatment respectively and which ANOVA 
showed to be a significant difference (P < 0.05). Similar effects was observed 
for the Vpp= 6.32 kV with a 0.53 log difference between pre-treated and non 
pre-treated samples although this log reduction was not significantly different. 
The reduced log reductions for pre-treated samples are due to the fact that the 
circular patterns are being created before plasma treatment. The circular 
patterning generates regions of bacterial clusters that could protect a 
proportion of the bacterial population from direct contact with plasma gas 
species, thus reducing the amount of bacteria initially inactivated. After the 
initial 15 s log reduction differences between the two samples display similar 
kinetics which corroborates the theory that the patterning observed is a drying 
artefact and does not stress the adapt bacteria to further plasma treatment. 
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Fig 3.7: Plasma inactivation curves with filtrated Listeria samples (black line) and with 
samples pre-treated in a 5 slm gas flow for 90 s (red line) for (a) Vpp= 6.88 kV and (b) Vpp= 
6.32 kV. 
 
To support the hypothesis that cell clusters help protect a proportion of 
bacteria from direct plasma contact, SEM images were taken of samples 
treated with a plasma at Vpp= 6.88 kV for 15s, 45s and 90s (figure 3.8 (a-e)). 
As indicated in figure 3.8 (a) and (b), plasma damage to listerial cells varied 
from little apparent physical distortion of cell shape to significant cell 
flattening and lysis of cells. There are a large proportion of cells undamaged 
since the inactivation kinetics in figure 3.4 indicates the existence of ~4x104 
CFU surviving treatment. Because the bacterial deposit for the filtered samples 
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were homogeneous at the start of treatment, virtually all the bacteria on the 
membrane would have received equal exposure to the bactericidal plasma 
species during the first 15 s of plasma treatment. Further treatment beyond 
15 s leads to a slower inactivation phase in figure 3.4. Figure 3.8 (c) and (d) 
reveals what might be interpreted as refuge sites in which apparently 
undamaged cells are protected from plasma exposure by a rim of severely 
damaged cells. The physical structure of the cell refuge appears to provide 
shielding of bacteria where as exposed bacteria are shown to be significantly 
damaged by 45 s treatment. The appearance of these refuge sites may begin to 
explain why the inactivation phase is slow between 15 – 60 s. As plasma 
treatment increases to 90 s the bacteria forming the rims of these refuge sites 
are increasingly damaged; eventually the protected bacteria inside become 
directly exposed to the plasma treatment becoming inactivated (figure 3.8 (e) 
and (f)). This would help to explain why for Vpp= 6.88 kV inactivation rate 
increases again after 60 s (figure 3.4). For Vpp= 6.32 kV the etching rate of the 
plasma may not have been great enough to expose the bacteria within the 
refuge sites during the 90 s treatment which is why no further increase in 
inactivation was observed for this voltage.  
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Fig 3.8: SEM images at 6,000 X magnification for plasma treatment at Vpp= 6.88 kV 
for (a) and (b) 15 s; (c) and (d) 45 s and (e) and (f) 90 s.  
 
Although these cell refuge sites might explain the biphasic inactivation 
curves of figure 3.4, it is also possible that there may be a sub-population of 
cells with varying resistance in the original listerial sample. This is less 
straightforward to unravel. The use of L. innocua grown in batch may lead to 
the compromise of cells forming one or more sub-populations that differ in 
levels of resistance to plasma treatment, and this could also result or contribute 
towards biphasic inactivation kinetics. One possible strategy to avoid such 
effects would be to use cells that were grown in a chemostat where all the cells 
would be in the same physiological state. Figure 3.9 compares the inactivation 
curves for L. innocua cultured in batch and a chemostat. Chemostat culture 
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was grown in full strength Brain Heart Infusion (BHI) broth, to match the 
batch conditions, at a dilution rate of 0.036 h-1. This slow growth rate was 
chosen for a better comparison with cells grown in batch as they grow slowly 
when they enter stationary phase. A steady state culture in a chemostat is 
reached after five complete changes of the culture volume with fresh media. 
The media flow dilution rate (0.6 ml/ min) used for this chemostat culture 
required ~6 days for a steady state culture to be obtained. The inactivation 
curve comparison between batch and chemostat culture shown in figure 3.9 for 
Vpp= 6.32 kV shows no significant difference between the inactivation curves 
for the two culturing methods even though there were differences between the 
culturing temperatures, 30˚C for batch and 25˚C in the chemostat. 
Interestingly, the chemostat culture will generate a homogeneous population 
when compared with a batch culture in stationary phase growth but an 
identical biphasic inactivation was observed. This result suggests that a 
heterogeneous listerial population did not contribute to the biphasic 
inactivation curves and that it was the patterning formed due to the drying 
effects from the plasma gas flow.  
 
Fig 3.9: RF plasma jet treatment of L. innocua cells cultured in BHI broth in batch and 
continuous culture. Vpp= 6.32 kV.  
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3.2.5 Sub-lethal injury detection 
Plasma treatment can result in significant inactivation with both applied 
voltages over relatively short treatment times when bacteria are filtered (figure 
3.4). Stacking, clustering and shielding of bacteria appear to attenuate plasma 
inactivation which is evident from the inactivation curve for directly deposited 
samples. Plasma treatment effects on the surviving viable bacteria have been 
investigated to assess whether the remaining viable cells are sub-lethally 
injured. To test for sub-lethal injury, agar media used for counting viable cells 
was supplemented with additional Sodium Chloride (NaCl), this has been 
shown to be a suitable method for detecting injured cells (Virto et al., 2005, 
Jasson et al., 2007). It was pre-determined that a 24 hour culture of L. innocua 
could still grow normally in concentrations of NaCl up to 7.5%. A bacterium 
that could grow in un-supplemented agar (containing only 0.5% NaCl) but 
which failed to grow in agar with a NaCl concentration of 7.5% was classified 
as sub-lethally injured. For sub-lethal tests a lower applied voltage of Vpp = 
6.32 kV was used to treat both bacterial deposits. Figure 3.10 shows the 
differences in inactivation curves when the bacteria are cultured with or 
without the additional NaCl. Differences between the two agars were very 
small for directly deposited samples (square symbols) compared to the filter 
treated deposits (circles). For the directly deposited samples the average 
percentage of sub-lethally injured bacteria are 45.2, 44.7, 36.2, 42.5 and 60.9% 
for 15, 30, 45, 60 and 90 s respectively. The percentage of sub-lethal injury 
was only significant for the first 15 and 30 s treatments P < 0.001 and 0.05 
respectively. This highlights the fact that although these bacteria have survived 
the plasma treatment, a significant proportion of cells are sub-lethally injured. 
 
For the filter-treated samples, it is been established that times greater 
than 15 s treatment are affected by sample drying. Refuge sites are created by 
severely damaged cells, potentially slowing inactivation of the remaining 
viable bacteria. The percentage of sub-lethally injured bacteria for filter treated 
samples is shown to increase with treatment time; the average percentages 
were 62.5, 63.1, 84.5, 86.2 and 86.9 % for 15, 30, 45, 60 and 90 s respectively 
(figure 3.10) The percentage of sub-lethal injury was significant (P < 0.05) for 
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30, 60 and 90 s treatment, although 45 s had a high percentage the spread of 
the data was too great. Therefore, a large percentage of bacteria that appear 
viable inside these refuge sites (figure 3.8 (c) and (d)) are actually sub-lethally 
injured. The level of sub-lethal injury is greater for filter-treated samples 
because the amount of stacking and shielding is significantly less when 
compared with the directly deposited cell counterparts. 
 
Fig 3.10: Detection of sub-lethally injured L. innocua after RF plasma jet inactivation 
of direct and filter deposited samples. Vpp= 6.32 kV.  
 
3.2.6 Comparing inactivation of different bacterial species with a pulsed 
RF plasma jet.  
The gas plasma species generated by a plasma discharge are highly 
reactive and short lived; as a result it is believed that these species would 
affect the first part of the bacteria that they come into contact with i.e. its cell 
wall or membrane. The significant differences between the membrane 
structures of Gram negative and positive species would lead one to suspect 
differences in plasma susceptibility. Inactivation curves for a Gram negative 
strain (E. coli) and a Gram positive strain (L. innocua) are compared in figure 
3.11. Interestingly, E. coli inactivation followed a similar three phase 
inactivation curve as L. innocua, suggesting similar clustering and protection 
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of bacteria due to gas flow patterning. For the first 15 s treatment E. coli 
appears more resistant in comparison to L. innocua but analysing the 
differences in log reductions using one way ANOVA reveals that there are no 
significant differences between the strains for all treatment times tested. This 
indicates that the plasma mechanism is apparently not affected by the 
composition of the bacterial cell structure or apparently by any other 
differences between the two species.  
 
Fig 3.11: Inactivation differences between a Gram positive (L. innocua) and a Gram 
negative species (E. coli). Vpp= 6.88 kV.  
 
3.2.7 Pulsed RF plasma jet inactivation mechanisms    
From all the data provided thus far the dominating inactivation 
mechanism appears to be an etching effect brought about by the pulsed RF 
plasma jet species. This is confirmed by the SEM images for plasma treated 
samples showing significant destruction of bacterial cell structure which 
increases with treatment time (figure 3.8 (a-f)). Shielding and stacking of 
bacteria has been shown to slow inactivation, the remnants of etched bacteria 
could protect any bacteria underneath from coming into direct contact with the 
plasma species responsible for etching. Although etching appears to be the 
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main mechanism for inactivation, there may also be other slower inactivation 
mechanisms occurring at the same time. Figure 3.12 shows the treatment of 
~1000 CFU of L. innocua cells spread over an agar surface for a variety of 
different treatment times with the plasma jet fixed during treatments. Figure 
3.12 (b) shows that for very short treatment times of 5 s, a small clearance 
region marked by the solid black circle. This region is the area directly 
contacted by the plasma plume and only short treatment times are needed to 
inactivate any exposed bacteria in this region.  
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Fig 3.12: Pulsed RF CAP jet inactivation of L. innocua with a pulse repetition 
frequency of 12.5 Hz and applied voltage of 6.88 kV p-p. (a) control; (b) 5 s; (c) 30 s; (d) 60 s; 
(e) 120 s and (f) 180 s.  
 
For longer treatment times of 30, 60, 120 and 180 s (figure 3.12 (c-f)) 
there is an increasing inactivation effect extending beyond the plasma plume 
contact region, this is marked by the dashed circle. This indicates that a 
secondary inactivation mechanism is also occurring during treatment. The 
plasma species responsible for this slower secondary phase are presumably 
neutral or less highly charged species that are not affected by the electric field 
and are able to diffuse away from the plasma plume to affect the bacteria. This 
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secondary inactivation effect is much slower, potentially because the 
generation rate of these species is low, or alternatively the rate of generation is 
high but the gas flow results in only low concentrations reaching the bacteria 
due to diffusive losses. In any event, longer treatment times allow a greater 
accumulation of these plasma gas species to a concentration that is damaging 
for the bacteria. 
 
It is well known in the literature that if any of the plasma parameters 
such as gas composition, power supply, applied voltage and current are 
manipulated then markedly different plasma chemistries can be produced 
(Boudam et al., 2006). This opens the possibility of tailoring cold atmospheric 
plasmas for specific applications. To this end, the effects of changing the pulse 
repetition of the RF plasma jet previously used to investigate the dominating 
inactivation mechanisms were further studied. Figure 3.13 shows the current 
and voltage trace for the new pulse repetition frequency of 25 kHz consisting 
of pulse lasting for 10 µs over a period of 40 µs. 
 
Fig 3.13: Voltage trace for a 25 kHz pulse repetition frequency. Vpp= 6.88 kV. 
 
To show the changes in plasma reactive chemistry due to alterations in 
the pulse repetition frequency, the same plasma treatment was conducted with 
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~1000 CFU of L. innocua spread on an agar plate, as for the treatments shown 
in figure 3.12. The gas flow and composition was fixed at He/ O2 5 slm/ 25 
sccm and the voltage and current fixed at 6.88 kV and 2.04 A peak to peak 
respectively. The new pulse repetition of 25 kHz resulted in a slight increase in 
temperature up to ~42 ± 2˚C of the agar in direct contact with the plasma 
plume; this was due to the increased number of pulses per second and reduced 
cooling time between pulses. Figure 3.14 shows the inactivation effects for the 
25 kHz over the same treatment times as previously used for the 12.5 Hz 
inactivation in figure 3-12. Firstly, very short treatment times of 5 s (figure 
3.14 (a)) show a small clearance region marked by the solid black circle 
similar to that observed previously at the lower frequency of 12.5 Hz 
inactivation. This suggests that direct contact can still rapidly inactivate 
bacteria similarly to that observed for the 12.5 Hz treatments. Differences in 
the plasma chemistry can however be observed when attention is focused on 
the plasma inactivation effects outside the direct contact region (dashed line). 
For the previous experiments conducted at 12.5 Hz inactivation a clearance 
zone of ~20 cm2 was observed after 180 s treatment (figure 3.12 (f)). In 
comparison, at 25 kHz, a clearance zone of ~24 cm2 was achieved in only 30 s 
(figure 3.14 (b)). This was six times faster whilst still achieving a 3 cm2 
greater area of inactivation. For the 25 kHz inactivation 120 s was shown to 
impact the entire agar surface of 64 cm2 (figure 3.14 (d)) Because 25 kHz 
treatment causes greater inactivation of larger areas in shorter treatment times 
using the same gas flow, it can be concluded that this pulse repetition 
frequency generates a higher concentration of these plasma inactivating 
species compared to operation at 12.5 Hz.  
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Fig 3.14: Pulsed RF CAP jet inactivation of L. innocua with a pulse repetition 
frequency of 25 kHz and applied voltage of 6.88 kV p-p. (a) 5 s; (b) 30 s; (c) 60 s and (d) 
120 s.  
 
To assess changes in the plasma chemistry that may be linked to this 
improved inactivation, OES was taken for the 25 kHz pulse repetition for a 
Vpp= 6.88 kV, App= 2.04 A and is shown in figure 3.15. The emissions for all 
lines, except for the He 706 nm line which remains around the same intensity, 
are ~ 10x lower than those of the 12.5 Hz pulse repetition frequency in figure 
3.3 (a) and (b). This was unexpected due to the increased inactivation effect 
for this pulse repetition frequency.  
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Fig 3.15: OES spectrum for a 25 kHz pulse repetition frequency. Vpp= 6.88 kV and Ipp= 
2.04 A. 
3.2.8 Air mesh plasma system     
The pulsed RF CAP jet system can clearly alter bacterial morphology. 
Although this type of plasma system would be cheaper to maintain and run 
when compared to low pressure systems, gases such as He, Ar and others are 
needed for this type of treatment. To this end, a plasma system that could be 
operated in air was evaluated in order to compare its performance in 
inactivating foodborne pathogens. Because air is being used as the discharge 
gas, the electrode design for this plasma system is significantly different from 
that of a pulsed RF CAP jet system. The air mesh system has a dielectric 
material (Teflon) sandwiched between a powered electrode on one side and a 
grounded steel mesh electrode on the other. This system only requires one 
small power supply to operate as compared to the pulsed RF CAP jet system 
that has five pieces of equipment needed to control the gas flow and strike a 
plasma discharge (figure 3.16 (a)). A plasma is generated between the 
grounded steel mesh electrode and the dielectric material as shown in figure 
3.16 (b); this means that not all the charged plasma species would contact the 
sample being treated because they are contained between the two electrodes. 
Inactivation by the air mesh system is likely to be due to neutral species that 
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are able to diffuse from the mesh to the sample. The electrodes for this system 
were constructed inside the lid of a petri dish for ease of experimentation, but 
in theory the electrodes can be much larger, the plasma discharge area will 
depend on the power supply used. 
 
Fig 3.16:  (a) Air mesh power supply and electrodes (b) Plasma discharge between 
electrodes. 
 
 Figure 3.17 shows the current and voltage traces for the air mesh system 
used for inactivation tests. All adjustments for this plasma system are pre-set 
and fixed inside the power supply making operation relatively straightforward. 
The plasma system operates at a frequency of 24 kHz and an applied voltage 
of Vpp= 10.4 kV.  
 
Fig 3.17: Applied voltage and discharge current trace for the air mesh plasma system. 
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Because the air mesh plasma system does not require an external gas 
supply, treatments of filtered bacterial samples were conducted on agar 
supports without the possibility that the underlying agar would shrink during 
treatments due to drying effects. The agar support also prevented the sample 
surface from completely drying out during treatments thus avoiding the cell 
clustering patterns previously observed (figure 3.6). The distance between the 
grounded mesh and the sample surface was fixed at 1 cm by controlling the 
volume and the drying time of agar support before treatments. Because the 
samples were held on agar supports set in petri dish plates and the air mesh 
plasma electrodes were fixed inside a petri dish lid, the electrodes were located 
on top of the sample during treatments creating a partially closed treatment 
chamber. 
 
Figure 3.18 shows the OES spectrum recorded for the air mesh plasma 
system operating at a peak to peak voltage of 10.4 kV. The OES was recorded 
with the optical fibre positioned 5 mm away from the mesh electrode. Due to 
air being used as the operating gas ROS as well as RNS are expected to be 
generated. The emission lines detected were in the range of 300-475 nm and 
come from Nitrogen species. The spectrum did not detect any excited oxygen 
lines.  
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Fig 3.18: OES spectrum for the air mesh plasma system (Vpp = 10.4 kV)  
 
Figure 3.19 shows the air mesh inactivation curves for filter-deposited 
bacteria, two Gram positive species (L. innocua and L. monocytogenes) and 
one Gram negative species (E. coli Type 1) were tested. A direct comparison 
between the inactivation of a pathogenic foodborne strain (L. monocytogenes 
ScottA) and its surrogate organism (L. innocua) could be achieved because 
there was no risk of generating bacterial aerosols with this plasma system. It 
can be clearly observed that there are no significant differences between the 
two Gram positive strains with both inactivation curves overlapping closely 
until the final treatment time of 20 s, L. innocua was revealed to be marginally 
more resistant. This strengthens the argument that L. innocua is a suitable 
model organism for any future plasma inactivation experiments. Comparing 
the listerial strains with the Gram negative E. coli shows a similar effect 
observed with pulsed RF CAP jet inactivation. E. coli initially (i.e. at 5 s) 
appears more resistant compared to the two listerial strains, a longer treatment 
time of 10 s shows E. coli to be more sensitive, and finally the last two 
treatment times (15 and 20 s) show a similar inactivation with the two listerial 
strains.  
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The total treatment times for air mesh inactivation are much shorter in 
comparison with the pulsed RF CAP jet. This is because the air mesh plasma 
system generates a plasma over a much larger area (~18.5 cm2) when 
compared to the jet plume (~0.1 cm2). Because the plasma plume contact area 
is so small, the membranes containing the deposited bacteria were moved as 
previously described in section 3.2.3 to ensure full surface coverage by the 
plasma. 
 
 
Fig 3.19: Air mesh inactivation of L. innocua (black squares) L. monocytogenes (red 
circles) and E. coli Type 1 (green triangles). Vpp = 10.4 kV. 
 
The shape of the inactivation curves for the air mesh plasma system 
(figure 3.19) are interesting because all samples were held on agar supports 
during treatments and therefore shielding should have been minimal due the 
absence of drying effects. The inactivation curves are more linear in 
comparison with pulsed RF CAP jet inactivation (figure 3.4) but the two 
listerial strains still show an initial fast inactivation for the first 5 s followed by 
a significantly lower inactivation between 5-10 s, the inactivation then 
increases linearly from 10-20 s. Because the generation of cell refuges are 
avoided with samples treated with the air mesh, the dissimilarity in 
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inactivation is more likely to be due to populations of bacteria that have 
different levels of resistance to the plasma inactivating species. Bacteria more 
susceptible to the inactivating species were initially inactivated followed by 
bacteria that have a higher tolerance. 
 
SEM images confirm the absence of “refuge” sites and bacterial 
clustering for air mesh plasma treatments (figure 3.20 (a-i)). In figure 3.20 the 
effects of treatment of control (i.e. untreated) L. innocua cells (a-c) with air 
mesh-treated cells for 15 (d-f) and 30 s (g-i) is compared. The 30 s treatment 
time was long enough to cause the viable bacterial level to drop below the 
detection limit (~70 CFU/ filter). Air mesh treated bacteria (figure 3.20 (g-i)) 
show cells that appear healthy and morphologically identical with untreated 
cells (figure 3.20 (a-c)). This is a significant contrast when comparing to the 
pulsed RF CAP jet which significantly alters the bacterial morphology over 
time (Figure 3.8). Differences between the two plasma systems suggests that 
the charged species are responsible for the destruction observed for pulsed RF 
CAP jet inactivation and neutral diffuse species and/or UV are responsible for 
the air mesh inactivation. 
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Fig 3.20: SEM images at 6000 x magnification assessing air mesh plasma effects on 
bacterial morphology. (a-c) no treatment; (d-f) 15 s plasma treatment and (g-i) 30 s plasma 
treatment. Column 1 comprises of images at the centre of the deposit. Column 2 images at the 
midpoint between centre and edge of the deposit and Column 3 images at the edge of the 
deposit 
 
3.3    Discussion 
Homogeneous microbial distribution on substrate surfaces has been 
known to be important for mechanistic studies of microbial inactivation by 
physical treatments. For example an investigation of UV inactivation of B. 
subtilis spores on packaging surfaces employed a spray technique at an 
atomizing pressure of 172 kPa within an oxygen-free nitrogen environment at 
69 kPa, achieved uniform surface deposition of spores at different initial spore 
concentrations (Warriner et al., 2000). For inactivation studies based on low-
temperature gas plasmas, an early example of the use of a spray technique is 
that of Heise et al. (2004) for inactivation of B. subtilis spores using an 
atmospheric pressure dielectric-barrier discharge in different gases. With 3-
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4x107 CFU of B. subtilis spores being sprayed onto a circular area having a 
diameter of 7 cm (hence a single monolayer as estimated from B. subtilis spore 
dimensions of 0.87 x 4 μm2). Subsequent examples of using similar or related 
spray deposition methods include spore inactivation using low-pressure 
inductively coupled gas plasmas (Halfmann et al., 2007) and using hydrogen 
atoms, argon atoms and UV photons either alone or in various combinations 
(Opretzka et al., 2007, Raballand et al., 2008). The significant difference in 
homogeneity of microbial distribution between samples prepared using a spray 
method and a direct deposition method was highlighted (but not quantitatively 
compared using inactivation kinetics) for B. atrophaeus spores and B. 
stearothermophilus spores in the case of the inductively coupled plasma study 
(Halfmann et al., 2007). It was noted in this study that the number of microbial 
layers at the outer edge of the sample and the spore density at the centre were 
found not to be as consistent from sample to sample when sprayed onto a glass 
substrate. This appeared to indicate perhaps a slight non-uniformity although a 
SEM image in the paper appeared to show a uniform spore spread over a small 
region of 6 x 4 μm2 at an unspecified location on the glass surface. In other 
plasma studies mentioned above, comparison between sprayed and directly 
deposited micro-organisms was not discussed. The vacuum filtration technique 
described in this Chapter appears to be capable of achieving a good uniformity 
across the entire length of the sample from its centre to its edge (figure 3d – 
3f) and of very good reproducibility. In principle however, both the spray and 
the filtration techniques can achieve an excellent homogeneity in surface 
distribution of micro-organisms.  
 
The current understanding of how micro-organisms as a community 
respond to a plasma is centred on the shape of the inactivation kinetics curve 
and its implications for plasma-cell interactions. Typically plasma inactivation 
kinetics have been characterized as occurring in two phases, an initial phase of 
rapid reduction in viability followed by a second phase of much slower 
inactivation, for which the inactivation kinetics curve is often described as 
being biphasic (Moisan et al., 2001a). It is also possible for the rapid reduction 
phase to be preceded by an early phase in which little reduction occurs, often 
observed when the plasma dose is very low and an accumulation of plasma-
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mediated damage may be needed to cause cell death (Perni et al., 2006). This 
can lead to a tri-phasic inactivation curve (Moisan et al., 2001a, Perni et al., 
2006). Possible causes for multiple inactivation phases were discussed in a 
series of excellent papers by the groups of Vidal and Moisan, both using low-
pressure gas plasmas, in which they identified the main mechanism as physical 
shielding of the top layers of bacterial cells (Hury et al., 1998, Moisan et al., 
2001b, Pollak et al., 2008). This has been confirmed for bacterial inactivation 
using other low-pressure gas plasmas (Hury et al., 1998, Heise et al., 2004, 
Halfmann et al., 2007, Hueso et al., 2008, von Keudell et al., 2010) and also 
low-temperature atmospheric pressure gas plasmas (Deng et al., 2005, Yu et 
al., 2006, Shintani et al., 2010). If cell stacking were the only explanation for 
multi phasic kinetics, inactivation kinetics for one monolayer of micro-
organisms would be monotonic with the reduction of viable microbes being 
directly proportional to the plasma treatment time. Yet the work described here 
and previous studies have revealed that the inactivation kinetics were biphasic 
both for filtered monolayers of L. innocua in the present study and for sprayed 
monolayers of spores in previous studies (Heise et al., 2004, Halfmann et al., 
2007). This finding was unexpected and suggested the interplay of additional 
phenomena.  
 
Possible causes for biphasic inactivation curves of monolayers of micro-
organisms have not been extensively discussed in plasma decontamination 
studies, although cell shielding and shadowing have been mentioned in 
relation to homogenously prepared monolayer of micro-organisms (Heise et 
al., 2004). In a very recent paper on plasma decontamination, bacterial 
clumping was considered, and a linear relationship between log reduction of 
viable spores and plasma treatment time was found for a commercial 
biological indicator free from bacterial clumping (Shintani et al., 2010). It 
should be noted that micro-organisms used in commercial biological indicators 
are often enclosed inside a paper envelope and as such are protected against 
physical forces such as a flowing gas, the strips are also completely dry which 
would also preclude movement. In a study of UV inactivation on the other 
hand, Warriner et al. (2000) went further and discussed possible reasons for 
biphasic inactivation of supposed monolayers of bacteria. These workers 
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examined three mechanisms, namely the existence of a more resistant sub-
population, clumping of treated spores, and protection due to pores and 
crevices on the surface of the substrate. Their conclusion was that pore and 
crevice protection were probably the most likely cause. The effects of porous 
structures on the substrate surface were also found important in 
decontamination of freshly cut fruits using atmospheric plasmas (Perni et al., 
2008). The pore size of the membrane filters used in this study was 0.2 μm, 
much smaller than the diameter of a bacterium (0.5 μm), ruling out the 
possibility of membrane filter protection creating biphasic inactivation 
kinetics. The presence of a sub-population of varying resistance in the listerial 
sample is less straightforward to unravel. The use of L. innocua grown in 
batch may lead to the compromise of cells forming one or more sub-
populations that differ in levels of resistance to plasma treatment, and this 
could result in biphasic inactivation kinetics. One possible strategy to avoid 
such effects would be to use cells that were grown in a chemostat where all the 
cells would be in the same physiological state. Inactivation curves for bacteria 
continuously cultured in a chemostat to generate a homogeneous population 
still showed the characteristic biphasic inactivation that was identical to the 
batch-cultured bacteria (figure 3.9). Because the same proportion of bacteria 
was initially susceptible to the plasma treatment and the inactivation curves 
matched, this suggests that intrinsic differences in bacterial resistances are 
unlikely to be the explanation and that some other factor is responsible. One 
possibility could be the formation of refuges.    
 
If a focus is placed on the clustering of the bacteria during treatments, 
then initially, distribution of listerial cells was even across the membrane 
surface (figure 3.1 (g-i)). Drying effects of the gas flow for short plasma 
treatment times (15 s) were enough to cause bacterial clusters. The pattern of 
cell aggregates, caused by drying, represents variation in surface topography 
of the cell population and hence its resistance to plasma treatment. This is 
demonstrated by comparing the initial log reductions for samples that had 
bacterial clusters pre-formed i.e. pre gas flow treated before plasma with those 
that did not (plasma-only treated). Pre-formed clusters always showed an 
initially lower log reduction over the first 15 s due to the protection of bacteria 
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inside these cluster regions from the plasma inactivating species (figure 3.7 (a 
and b)), over the rest of the treatment times inactivation curves were 
comparable.  
 
Pre-forming clusters with gas flow treatments showed a ~1 log reduction 
(90%) in CFUs (figure 3.7). This suggests that the bacteria are not well 
adhered to the membrane filters even after bacteria filtered membranes were 
transferred to agar plates and left for 60 mins for attachment. In addition to 
allowing attachment, the agar plates maintained a thin liquid film on the 
surface of the bacterial laden membranes due to the high water content of the 
agar. Transferring membrane filters to blank Petri dishes for plasma exposure 
disrupts the thin liquid film. The entire process of pattern formation in drying 
films is driven by evaporation (Routh, 2013). The gas flow of the plasma 
would increase evaporation and could cause perforations to the thin liquid 
film. A capillary flow in the thin liquid film evaporates liquid at the edges of 
the perforations and could be causing accumulation of bacteria (Sefiane, 
2013). The bacteria may not have fully adsorbed onto the surface initially 
which is why there is a significant concentration loss. However, as the drop 
continues to evaporate the concentration of bacteria increased which caused 
them to clump together and form aggregates. These aggregates then adsorbed 
onto the surface to leave a random pattern of ‘spots’ upon drying as the 
aggregates were deposited.  
 
Because clustering of bacteria appears to help produce refuge sites 
protecting them from the plasma inactivating species, it is of interest to know 
the extent of plasma accessibility to these refuge-protected cells. To this end, 
in considering the refuge structure, the diameter of the opening to the cell 
refuge was between 5-10 μm and its height was no more than 2-3 times of the 
diameter of one listerial cell, or 1-1.5 μm, estimated from the observation of 
figure 3.8 (c and d) that the cell clumping was at most that of the dimension of 
three stacked cells. These are much smaller than the dimension of the sheath 
region of RF atmospheric helium plasmas (typically a few hundred 
micrometres) (Shi & Kong 2006), and as such it would be difficult for a 
discharge to be formed within the micron-sized refuge and, equivalently, for 
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charged particles in the plasma plume to effectively access the living cells 
within the refuge structure. Therefore, the formation of the micron-sized 
refuge acted as an electrical gate against incoming charged particles. In 
addition, viable listerial cells within the cell refuge may possibly maintain 
their polarization and so would have been negatively charged. Hence the isles 
of cell refuges represent discrete isles of charged clusters, and these would 
alter how the membrane sample was presented in the plasma-containing 
electric circuit. Whilst neutral species in the plasma plume should still be able 
to diffuse into the refuge, the inaccessibility to charged particles would lead to 
a compromised plasma inactivation. The extent of sub-lethal injury does seem 
to suggest that neutral species are able to penetrate these refuge sites to 
damage the remaining viable bacteria as a large percentage were sub-lethally 
injured. It is therefore clear that the formation of cell refuges creates a step 
change in the defence of the microbial community by means of an electrical 
gating and a partial physical shielding. During the first 15 s of plasma 
treatment, listerial cells were largely free of cell clumping and as such were 
exposed to both neutral and charged plasma species, which explains the rapid 
inactivation phase. After that, and in the interval between 15-60 s, cell refuges 
were formed and these protected cells within these refuges, their inactivation 
then became less effective and the underlying plasma inactivation mechanisms 
would have most probably changed to become dominated by neutral plasma 
species. In other words, the formation of cell refuges brings about a change of 
plasma chemistry experienced by microorganisms during treatment with the 
same plasma. Therefore, plasma treatment of seemingly passive surface-borne 
bacteria is a true example of two-way interactions – treatment of gaseous 
plasma mediates the formation of cell aggregates and cell refuges, and the 
latter then introduce protection against plasma through cell clumping and 
micron-scaled electrical gating. To date, the term “plasma-cell interactions” 
used in studies of plasma medicine usually refers to a one-way action of 
plasma on cells as a surface-borne deposit of passive individuals. Further 
increase of plasma treatment time greater than 60 s is shown to have led to the 
destruction of cells lining the refuge site to a point that the protected cells 
inside are exposed and damaged (figure 3.8 (e and f), this would explain why 
the inactivation rate increases again after 60 s (figure 3.4).  
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Inactivation experiments comparing a Gram negative bacterium (E. coli) 
and a Gram positive bacterium (L. innocua) revealed that the log reductions 
were not significantly different over the same treatment times under the same 
plasma conditions. This indicates that the dominating inactivation mechanism 
operates similarly for representatives of these two major bacterial divisions 
and is therefore not affected by the different structures of the cell envelope. 
 
Plasma jet treatments with bacteria spread over an agar surface showed 
an increasing area of inactivation over time (figure 3.11). Similar inactivation 
areas have been obtained in the literature using a DC pulsed plasma with a 
Helium-Oxygen gas composition. Lu et al. (2008) demonstrated that both 
charged particles and neutral species are both responsible for inactivation. In 
the same study, changing the gas composition to He/ N2 showed that only 
neutral species were responsible for inactivation. Other members of this group 
using the same plasma system and a He/ O2 gas composition revealed with 
SEM and TEM membrane damage to yeast and Gram negative bacteria (Xiong 
et al., 2010, Cao et al., 2011). Inactivation studies have shown that the 
addition of oxygen into the gas composition at the right concentration will 
improve inactivation, and SEM imaging has shown oxygen-containing plasma 
damage the structural integrity of the micro-organisms being treated, similar to 
results reported here (Lee et al., 2006, Huang et al., 2007, Li Longchun et al., 
2007, Lim et al., 2007, Yang et al., 2010, Chiang et al., 2010). Experiments 
with low pressure and atmospheric pressure plasmas have also shown that the 
addition of Oxygen into the gas composition increases the etching rate of 
surface deposited proteins (Rossi et al., 2006, Deng et al., 2007c, Kylian et al., 
2008, Rossi et al., 2009, von Keudell et al., 2010). The significant structural 
damage of L. innocua reported in this Chapter seems to indicate that the 
bacteria are being etched in a similar way to that of the protein removal, and 
Oxygen molecules appear important for this process (Rossi et al., 2006, Deng 
et al., 2007c, Kylian et al., 2008, Rossi et al., 2009, von Keudell et al., 2010). 
Changing the pulse repetition frequency from 12.5 Hz to 25 kHz significantly 
altered plasma chemistry. A 10x reduction in all the excited plasma species 
would suggest a decreased inactivation effect but the inverse was observed; 
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significantly less time was required to inactivate larger areas of bacteria with 
the plasma fixed in position The air mesh plasma system was also very 
effective at inactivating both Gram negative and Gram positive species even 
though no atomic oxygen lines were detected. These results suggest that the 
plasma gas species detected using OES are not suitable indicators for the 
plasma species responsible for inactivation. This contradicts previous findings 
that have linked improved inactivation with increases in the emission line of 
777 nm (Atomic Oxygen) when an optimum concentration of Oxygen is 
mixed with a noble gas (Kim & Kim 2006, Perni et al., 2007).  
 
The air mesh plasma system used for inactivation experiments in this 
work is an indirect treatment and has been shown to be very efficient at 
inactivating both Gram negative and Gram positive bacteria. It is indirect 
because the plasma does not contact the bacteria directly. The treatment times 
for the air mesh were ~4 time faster at achieving similar log reductions 
compared with the RF pulsed plasma jet. There are several differences 
between the two types of plasma systems which could explain the improved 
inactivation. The plasma jet is a direct treatment, meaning both neutral and 
charged species can interact with the sample. Charged species have shown to 
produce rapid damage to the structural integrity of the micro-organism; such 
species are trapped within the electrodes by the electric field in the air mesh 
system hence are not transported to the sample surface. A second major 
difference between the two systems is the nature of reactive neutral species 
arriving at the sample surface. In the jet system, the plasma plume is rich in 
energetic electrons which contribute to the production of highly reactive 
neutral species including OH and O. From the literature it is clear that beyond 
the plasma plume the density of highly reactive neutrals drops quickly (Knake 
et al., 2010, Yonemori et al., 2012). As the molecules are so reactive they have 
a high loss rate, when their main production pathway is inhibited beyond the 
plume (e.g. electron dissociation) the loss rate causes the density to drop 
quickly. In the plasma jet system, bacteria directly exposed to the plasma 
plume will receive a high dose of highly reactive species such as O and OH; 
beyond the plasma plume bacteria will be exposed to the intermediary longer 
lived products. In the air mesh system, the mass transport of highly reactive 
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species through several mm of background gas means very few highly reactive 
species will reach the sample surface. In this situation, the entire sample 
surface will be exposed to a high density of intermediary products. It is 
proposed that the air system generates a significantly higher density of 
intermediary products, such as ozone, that have a relatively high oxidation 
potential and a relatively long lifetime. The differences between the plasma jet 
and the air mesh chemistries are most likely due to the gas composition. The 
plasma jet used a He/ O2 gas mixture whereas the air mesh operates in air. The 
higher concentration of O2 and N2 in the air mesh plasma discharge could be 
responsible for generating a higher density of intermediary species. These 
species can contribute to a large area decontamination effect over a wide area, 
rather than a localised treatment achieved in the jet. 
 
Increased inactivation rate is due to the larger treatment area the air 
mesh plasma system covers. Although the pulsed RF plasma jet contacts a 
very small area, with optimised plasma conditions larger areas of inactivation 
can be achieved in short treatment times. There is also the possibility for these 
plasma jets to be scaled-up in arrays to cover larger 3D areas (Hubicka et al., 
2002, Cao et al., 2009, Cao et al., 2010).  
 
Air plasma systems described in the literature have shown that direct 
treatment i.e. the sample being treated is in direct contact with the plasma 
discharge, are very efficient at inactivating both Gram negative and Gram 
positive bacteria. Direct air plasma treatment also causes structural damage 
that releases the cytoplasm contents of the bacteria (Fridman et al., 2007, Ma 
et al., 2008, Cooper et al., 2010, Joshi et al., 2011). Interestingly, Fridman 
demonstrated that inserting a grounded mesh between the treated samples to 
remove charged species caused a significant reduction in the plasma efficacy 
of vegetative bacteria, resulting in a treatment time of 15 mins for complete 
sterilisation. Direct treatment without the grounded mesh led to sterilisation in 
~10 s (Fridman et al., 2007b). Using the same air plasma system the Drexel 
group showed the differences between direct and indirect treatment of spores 
was still significantly different but not as dramatic as the differences between 
treatments of vegetative bacteria (Dobrynin et al., 2010). SEM images for air 
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mesh-treated bacteria presented in this chapter reveal the bacteria to be 
unaffected morphologically by the plasma treatment, it is suggested that this is 
because it was only neutral species and UV that could diffuse away from the 
electrodes to treat the samples. This is in stark contrast when compared with 
the direct air mesh treatments mentioned above and also the structural damage 
shown by RF pulsed plasma jet in this Chapter, and which, suggests that 
charged particles play an important role in the physical destruction of bacteria. 
For the air mesh inactivation reported here it should be noted that during 
plasma treatments the samples were contained inside a partially closed system. 
This is because the samples being treated were held in petri dishes and the 
electrodes were built inside a petri dish lid. The design of petri dishes allows 
some diffusion of air into the dish for aerobic bacterial growth on agar but it is 
essentially a closed treatment chamber. This allows the accumulation of 
plasma inactivating species during treatments that will increase the rate of 
inactivation. Results in the literature where plasma jets were used to treat 
bacteria or yeast spread over agar showed that improved inactivation was 
obtained when the treatment was sealed from outside atmospheric interference 
(Xiong et al., 2010, Cao Yingguang et al., 2011). The inactivation rates for the 
air mesh plasma system are comparable to those results obtained with the 
direct air plasma systems with the added advantage that the sample being 
treated does not have to be between the electrodes or act as a floating electrode 
and can be greater than 10 mm away from the sample. 
 
3.4   Conclusions 
The work presented in this chapter has shown how using a vacuum 
filtration technique capable of depositing a single monolayer of homogenously 
distributed bacteria on a membrane filter can significantly improve the plasma 
inactivation efficacy. Treatment of a homogeneously distributed population 
was expected to generate a linear inactivation curve when actually biphasic 
inactivation curves were observed using a RF pulsed plasma jet. Biphasic 
inactivation curves were shown not to be due to differences in bacterial 
resistances, or the development of resistance during treatments, but constituted 
a complex response of the bacteria during treatment of the sample. Drying 
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effects of the gas flow are capable of forming circular patterns that generates 
cluster regions of bacteria. These cluster regions act as refuges that offer 
protection to viable bacteria and can act as electrical gates to shield bacteria 
from the bombardment of charged particles responsible for the significant 
structural damage observed during treatments. Alterations in the bacterial 
sample during treatments could affect the dominating plasma inactivation 
mechanisms which need to be considered for the development plasma systems 
for surface sterilisation. Manipulations of plasma parameters can dramatically 
alter the reaction chemistry and the dominating inactivation mechanism which 
allows atmospheric plasmas to be tailored to a wide variety of specific 
sterilisation issues. 
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4. Amyloid aggregate degradation with a 
pulsed RF plasma jet 
4.1   Introduction 
Much of the published work on Cold Atmospheric Plasma (CAP) 
application has focused on microbial inactivation (Kelly-Wintenberg et al., 
1999, Moisan et al., 2001a, Laroussi & Lu 2005, Lee et al., 2006). All the 
results on microbial inactivation in the literature illustrate the potential CAPs 
have for sterilisation, decontamination and inactivation of equipment and the 
environment in hospitals and food factories. Because the inactivation 
mechanisms are not fully appreciated and understood, much research is still 
continuing to discover the plasma species responsible. This is extremely 
problematic due to the very transient nature of many of the highly reactive 
plasma species. There are also very few techniques that can be utilised to 
identify many of the plasma gas species generated. Because detection of all the 
plasma species responsible for inactivation is very difficult, work conducted 
throughout this thesis focuses on the bacterial targets of the plasma-damaging 
species to understand how they are inactivating the bacteria. In addition to 
studying bacterial inactivation as a whole, pure model systems such as 
proteins, lipids or DNA can be valuable in gaining an understanding of the 
plasma effects on specific targets.  
 
This chapter focuses on the effects of a pulsed RF CAP jet on a purified 
protein model. The protein for the work carried out was Amyloid β1-42. 
Treatment of purified proteins can generate valuable data for several reasons. 
Firstly, all bacteria contain proteins associated with their cell membranes/ wall 
structures that have important functions such as ions pumps, adhesion and 
respiratory chain proteins. Plasma damage to purified proteins is likely to also 
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affect these important proteins and contribute or directly result in bacterial 
inactivation. Secondly, the food industry have significant problems with 
maintaining foods and surfaces free from allergens as well as eliminating food 
borne pathogens. Almost all allergens are proteinaceous in nature and it is the 
structure of many allergenic proteins that are largely responsible for an allergic 
reaction. Antibodies, namely immunoglobulin E (IgE), are produced by the 
immune system and can recognise allergenic proteins by binding to specific 
sites known as epitopes which then causes a cascade of reactions resulting in 
an immune response. Alterations in the structure of an allergenic protein can 
change these epitopes so that they are no longer recognised by IgE antibodies, 
thus stopping an allergic reaction from occurring. Thermal treatment which is 
known to denature protein structure has already been shown to reduce allergen 
reactivity for some proteins (Hansen et al., 2003, Mondoulet et al., 2005, 
Lemon-Mule et al., 2008). Thermal treatment has also been shown to increase 
allergen potency for other proteins potentially by exposing previously hidden 
epitopes that cause an allergic reaction (Pasini et al., 2001, Leszczynska et al., 
2003, Kleber et al., 2007). Plasma damage to purified protein structure is 
likely to also affect the reactivity of many allergens. Thirdly, proteinaceous 
contamination is a major problem in healthcare because it has been previously 
shown that a mis-folded protein called a prion is capable of transmitting 
disease (Collinge, 1999). This can occur via surgical intervention if the 
instrument is contaminated with mis-folded prion which has caused the NHS 
to adopt a single use policy for instruments that are deemed a “high risk” for 
prion contamination (Sehulster, 2004). Implicated in transmissible spongiform 
encephalopathy (TSE), variant Creutzfeldt–Jakob disease (vCJD) in humans 
and bovine spongiform encephalopathy (BSE) in cattle, prions are 
considerably more resistant to decontamination treatments than are bacteria, 
viruses, and fungi (Weissmann et al., 2002, Giles et al., 2008). Conventional 
sterilization procedures such as autoclaving and/or ethylene oxide vapour may 
suffer compromised efficacy in certain instances because tissue residues may 
evade destruction when present for example in the lumens of surgical 
instruments and medical devices (e.g. endoscopes) (Rutala & Weber 2001, 
Baxter et al., 2006).  
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It is with the above considerations that treatment of a model protein was 
considered.  Amyloid β1-42 was chosen as a model protein because it could be 
easily grown into tough fibrous structures that could be visualised using 
atomic force microscopy (AFM). It also forms the same types of cross β 
fibrous structures as prions without the inherent infectivity. Damage to tough 
fibrous structures that effect disease transmission or allergen reactivity could 
have important implications for the use of atmospheric plasmas in the 
decontamination procedures currently employed in the healthcare sector or in 
cleaning strategies aimed at targeting allergens in the food industry.  
 
In this chapter work is described in which a pulsed RF cold atmospheric 
plasma jet was used to treat amyloid aggregates deposited on freshly cleaved 
mica disks. The pulsed RF CAP jet was characterized using appropriate 
electrical measurements, gas temperature, and optical emission spectroscopy 
(OES). Atomic force microscopy (AFM) is used to characterize the growth of 
amyloid fibrils on mica disks and to assess the impact of CAP treatment. 
Finally, OES and X-ray photoelectron spectroscopy (XPS) were used to 
provide additional support for possible mechanisms of removal of amyloid 
aggregates.    
4.2   Results 
4.2.1 Amyloid fibre growth and treatment 
 Figure 4.1 shows AFM images of amyloid samples growing over a 
course of 12 hours on mica disks. Some fibrils are visible in the sample at 0 hr; 
this is because the time taken to process and incubate the solution on the mica 
disk was long enough to generate small clusters of monomers. These small 
fibrils grow into substantial aggregates after 2 hrs. At 4 hrs, clear stacking of 
fibrils is evident. After 12 hrs mature fibrils are always detected and can be 
very strongly attached to surfaces making them difficult to remove. For all 
plasma inactivation tests amyloid fibres were grown for 24 hrs before being 
deposited on freshly cleaved mica surfaces. 
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 Fig 4.1: Growth of amyloid aggregates over a course of 12 hrs with the top row 
showing AFM images on a scale of 10 µm and the bottom row on a scale of 1 µm. Fibrils are 
clearly seen. 
4.2.2 Pulsed RF plasma jet characterisation 
Figure 4.2 shows electrical characteristics of the pulsed RF jet in a 10 
slm atmospheric helium with a 50 sccm oxygen admixture. The plasma was 
pulse modulated in order to maintain a cool temperature. The pulse repetition 
frequency for the plasma system used for amyloid treatments was 25 kHz and 
the applied voltage and current traces for a single pulse are shown figure 4.2 
(a). Each pulse can be characterised by two phases, the first stage is 
characterised by a gradual increase in the magnitude of rapid RF oscillations 
over a period of about 5 µs, and the second stage has a relatively constant RF 
magnitude for 5 µs. The total power-on phase lasts for 10 µs operating at a RF 
of 3.9 MHz. On the other hand, the power-off phase starts with a 7 µs period 
of gradual decay and finishes with a 23 µs period of a near-zero RF amplitude, 
giving a  power-off phase of 30 µs. The gradual decay period represents a 
forced plasma quenching process by a reducing applied voltage, and the 
following period of near-zero RF amplitude represents a quenched plasma, 
although some residual charges may remain in the jet structure.  In figure 4.2 
(b), the applied voltage is shown to increase monotonically with net input 
power.  With a net input power of 2-4 W, the power-voltage relationship is 
roughly linear.  However at larger input RF power, the value of the applied 
voltage becomes proportionally smaller suggesting a progressively more 
resistive plasma at large input RF power.   
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Fig 4.2: Electrical characteristics of the pulsed RF CAP jet with (a) voltage and current 
over one power-on phase and (b) RF power dependence of the applied voltage. 
 
For treatment of the amyloid aggregates the RF power was fixed at 4 W 
which is equivalent to ~25.5 W/ cm3 for the CAP jet used. Given that the 
pulsed RF plasma jet was intended to provide oxygen chemistry with 0.5 % 
oxygen admixture in the background helium flow the two excited atomic 
oxygen lines at 777 nm and 845 nm were used as an indicator for monitoring 
purposes. Gas temperature was below 55˚C for all experimental conditions 
with net input RF power up to 6.6 W. More specifically under the plasma 
conditions considered here the RF power was fixed at 4 W and the gas 
temperature was less than 40˚C. For all amyloid experiments reported here the 
plasma treatment was no more than 8 s in duration and as such it was very 
unlikely that the amyloid sample would experience temperatures markedly 
above ambient. The absolute emission intensity shown in figure 4.3 reaches 
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0.30 and 0.09 µW/ cm2/ nm at 6.6 W for 777 nm and 845 nm respectively and 
reaches an average temperature of 55˚C. At 4 W of input RF power, the 
emission intensity is 0.076 and 0.027 µW/ cm2/ nm respectively for 777 nm 
and 845 nm. It is worth mentioning that 4 W is equivalent to 25.5 W/ cm3 for 
our plasma jet, lower than typical dissipated power in conventional 
continuous-wave RF atmospheric glow discharges. 
 
 Fig 4.3: Gas temperature (black) and optical emission intensities at 777nm and 845 
nm (blue).  
4.2.3 Amyloid fibre treatment 
 Figure 4.4 shows AFM images of control amyloid aggregates, all 
amyloid samples were taken after 24 hrs of growth and each AFM image was 
taken over an area of 1 µm2. Four controls were considered, namely an 
untreated sample (left in a fume hood), a sample under an unionized helium 
flow (i.e. no plasma) at 10 slm for 5 mins, a sample heated to 80˚C in a sample 
holder for 5 mins, and finally a sample under the combined action of 10 slm 
helium flow and heating at 80˚C for 5 mins. It is clear from figure 4.4 that 
these control conditions had little impact on either the topology of amyloid 
distribution or the appearance of amyloid fibrils. This demonstrates that 
amyloid aggregates show no sign of vulnerability as a result of these physical 
treatments.  
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Fig 4.4: AFM images for control amyloid treatments sampled at three locations on the 
mica disk shown in the sampling schematic. Controls are untreated, 10 slm Gas flow for 5 
mins, 80˚C heat treatment 5 mins and 10 slm gas flow combined with 80˚C for 5  mins. AFM 
images are 1 x 1µm.  
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However, with only 2 s plasma treatments at 4 W of input RF power, 
amyloid aggregates suffered substantial reduction with only small, roughly 
spherical, fragments left in the central region of the treated mica disk (figure 
4.5). This substantial reduction was consistently observed in several 
independent experiments and at different sampling points of AFM imaging in 
the central plasma contact area of treatment. Given the extensive stacking of 
amyloid fibrils at 12 hrs in figure 4.1 and their extreme resistance to heat and 
gas flow in figure 4.4, the results of plasma treatment appear particularly 
effective. In addition, AFM images were taken at the mid-point between the 
mica disk centre and the sample edge of the disk and also from a point near the 
sample edge. These two locations were approximately 2 mm and 4 mm, 
respectively, from the rim of the plasma diameter, and were therefore outside 
the reach of the light-emitting part of the plasma jet. Figure 4.5 suggests a 
clear reduction of amyloid aggregates and the reduction becomes 
progressively less severe towards the sample edge. At the mid-point, the fibrils 
are shorter and thinner with less brightness contrast than those in the control 
samples suggesting amyloid stacks are being reduced. Some fibrils appear to 
have discontinuous sections (marked with arrows) and the image has regions 
of small blurred features (marked with a circle). In general the fibrils featured 
in the image have much less defined boundaries than those of, for example the 
mid-point image of the combined heat and flow case. Similar observations can 
also be made in the image near the sample edge, albeit to a lesser extent. These 
features of plasma treatment are unlikely to be the result of the action of 
detachment or other physical forces that might cause the breakup of individual 
fibrils and their aggregates. In other words, it is highly unlikely that the 
amyloid damage outside the plasma diameter is due to simple peeling-off of 
the intact amyloid aggregates without fundamental modification to their 
chemical make-up. Instead, the evidence suggests a subtle impact of 
progressive diffusion of plasma agents onto the porous amyloid aggregates 
over a sustained period of time. The discontinuous sections suggest a gradual 
fragmentation of fibrils and may be indicative of structural changes that will 
require further investigation.  
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Fig 4.5: AFM images for plasma treated amyloid samples from 2 -8 s sampled at three 
locations on the mica disk shown in the sampling schematic. AFM images are 1 x 1µm.  
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Figure 4.5 also shows AFM images of amyloid aggregates after longer 
plasma treatment times up to 8 s. Again in the central regions, plasma 
treatment left little on the mica surface but some scattered spherical fragments 
of sub-micrometer sizes. For the mid-point images, the 2 s and 4 s cases each 
have a cluster of bright-looking fibrils that appear to be stacked whereas the 6 
s and 8 s cases appear to have more flattened layers of fibrils. This is 
suggestive of a progressive reduction of the aggregates. Fibril fragmentation is 
evident in all cases, even in the 2 s and 4 s cases where fibril stacking appears 
to be significant. A greater extent of fragmentation is seen in the 6 s case with 
many finer-sized objects. Near the sample edge the results show a similarly 
progressive reduction, although the 8 s image appears to show more stacking. 
This could be due to spatial variation of the original amyloid aggregate sample 
on its mica disk, variation in spatial distributions of different plasma species 
due to plasma jet positioning or time-dependence of different neutral plasma 
species in space. When considering the agar bacterial inactivation results in 
chapter 3 there was clearly greater inactivation of bacteria towards one side of 
the agar dish. This is due to the gas flow of the inactivating species flowing 
more in that direction as a result of the plasma jet not being completely square 
to the sample. This is probably the case for the results shown for the 8 s 
treatment and the area sampled was not in the direction of the dominating gas 
flow.    
 
 To understand the potential species responsible for the progressive 
amyloid reduction optical emission spectra were obtained from three locations 
on a fresh mica surface (figure 4.6). Several helium lines are evident at 501.6 
nm (31P → 21S), 587.6 nm (33D → 23P), 667.8 nm (31D → 21P), 706.5 nm 
(33S → 23P), and 728.1 nm (31S → 21P) as well as the two excited atomic 
oxygen lines at 777.3 (35P–35S) and 844.6 nm (33P–33S). Also found are 
nitrogen lines, for example the first negative system (B2Σu+ →X2Σg+) of N2+ 
ions at 391.4 nm and 427.8 nm for the (0,0) and (0,1) band, respectively and 
the N2 line second positive system below 380nm (C3Πu→ B3Πg). These 
emission lines become much smaller at the mid-point of the mica disk sample 
and its edge, but the proportional reduction is the smallest for the two excited 
atomic oxygen lines and even at the edge of the mica disk the 777 nm line 
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remains distinct. UV emission was also estimated using a UV radiometer and a 
short-wavelength sensor covering 250 – 290 nm. With the radiometer used as 
the substrate to the plasma plume, the wavelength-integrated emission was 
found to be below 1 µW/cm2 outside the plasma diameter.  This is much 
smaller than the necessary level of UV flux for protein damage (Thakur & Rao 
2008). Therefore the amyloid reductions observed outside the plasma contact 
region were probably caused by neutral reactive plasma species rather than 
UV photons and charged particles.   
 
Fig 4.6: Absolute optical emission spectra at three locations on a fresh mica disk: (a) at 
the plasma jet centre; (b) at a mid-point at 3mm from the plasma centre and at the edge of the 
mica disk. 
 
4.2.4 XPS Analysis 
XPS was used to reinforce AFM images by detecting the levels of 
protein remaining after treatment. Nitrogen was used for the detection of 
protein after plasma treatment because it is only present in the protein sample 
and not on the underlying mica substrate. Figure 4.7 shows an XPS spectrum 
for an amyloid deposited sample. 
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XPS analysis of the central region of a plain mica disk that has been 
plasma treated is shown in figure 4.8. Plasma treatment increases the Oxygen 
percentage on the mica surface which could be caused by one of two things; 
(1) the sample surface is being oxidised or (2) there is removal of surface 
carbons that reveal underlying Oxygen molecules. There were no change to 
the Aluminium, Silicon or Potassium content which suggests there was no 
etching of these elements over the treatment times used. Plasma treatment also 
appeared to result in the incorporation of some Nitrogen into the surface of the 
mica but these levels were bordering on the detection limit of the instrument. 
Nitrogen incorporated into the mica surface is probably a result of interaction 
of plasma species with the air as it is flushed out of the jet towards the treated 
sample, this should be considered when analysing protein treated samples. 
 
Fig 4.8: XPS analysis of plasma treated plain mica substrate. Analysis is taken at the 
central region where the plasma plume directly contacts the mica substrate.  
 
XPS analysis of the central plasma treated protein region is shown in 
figure 4.9 and confirms observations of the AFM images in figure 4.5. 
Analysis of untreated protein at time 0 shows high levels of Nitrogen and 
Carbon, 7 and 27 % respectively. There are reductions in the percentages for 
Aluminium, Silicon and Potassium which is caused by the protein covering the 
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mica surface. After 2s plasma treatment there is a sharp decrease in the amount 
of Nitrogen and Carbon on the sample which is consistent with the loss of the 
protein observed with AFM. There is a very low amount of Nitrogen present 
after 2 s treatment (~0.9 %) which is consistent with very small traces 
remaining in the central treated region shown in figure 4.5. Treatments of 4 s 
and over reduce the Nitrogen to the detection limit. The percentages of the 
remaining elements increase back to the values of plain plasma treated mica, a 
sign that all the protein is being removed in the central treated region.   
 
Fig 4.9: XPS analysis of plasma treated protein samples. Analysis is taken at the 
central region where the plasma plume directly contacts the protein sample.  
 
XPS analysis across the mica disk is shown in figure 4.10; this confirms 
the AFM images in figure 4.5; moving away from the central plasma treated 
region there is an increase in the percentage of Nitrogen, which is related to 
protein. Treatment time of 2 s shows very low levels of Nitrogen in the central 
treated region (0 mm) and even lower for 4 s which is indicative of the 
complete removal of the protein in this region. The 0.5 % Nitrogen level 
shown for 4 s in figure 4.10 is at the detection limit of the XPS instrument 
used in this study and matches the Nitrogen level detected by plasma-treated 
plain mica. Longer treatment times appear to have more nitrogen present in the 
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central region yet the AFM did not reveal the presence of fibrils (figure 4.5). It 
is evident that as the plasma plume interacts with the atmospheric air it causes 
nitrogen to be introduced into the surface. Nitrogen levels observed for 8s 
treatment of plain mica (figure 4.8) are consistent with the nitrogen levels 
detected in the central region for figure 4.10. Interestingly, the Nitrogen 
percentages towards the edge of the mica disk for all treatment times never 
return to the percentages for the control sample. This suggests that plasma 
treatment is still damaging and/or removing protein from the edge of the mica 
disk. Comparing the AFM images for control samples (figure 4.4) with plasma 
treated samples (figure 4.5) shows that the protein fibres at the edge of the 
deposits are less intense, suggestive of smaller and less stacked fibrils. 
 
Fig 4.10: XPS analysis of plasma treated amyloid deposits away from the treated 
region (0mm) 
 
As well as using XPS to study the Nitrogen levels for protein detection, 
XPS was also utilised to establish whether elemental compositions may have 
been altered by the impact of plasma treatment. In the results shown in figure 
4.5, reduction of amyloid aggregates away from the plasma jet is attributed to 
neutral species and their potential oxidation, whereas, that impacted directly 
by the plasma jet could potentially include both etching and oxidation. XPS 
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analysis of an untreated amyloid sample, the central area of a treated sample 
and a remote area 3 mm from the centre of the treated sample were therefore 
performed. Analysis was conducted on the Carbon peak to see if plasma 
treatment was effecting its bonding composition. Peaks of various chemical 
bonds were estimated using peak fitting software by comparing the known 
chemical bonds present in the amyloid protein with those of standard 
compounds with similar bonds configurations in the NIST database. When 
analysing compositions of different bonds, the contribution of clean mica disks 
which already had C-C bonds present had to be factored in. In order to see if 
there were any changes in the proportions of different chemical bonds, 
contributions resulting from the C-C bonds in the underlying mica must be 
removed. This was achieved by firstly using the K (2p) peak that is adjacent to 
the C peak (figure 4.11). Ratios for area of peaks between the K peak and the 
C-C peak were measured for a clean mica disk, 2 s treated mica disk and a 2 s 
treated mica sampled 3 mm from plasma contact region. This is followed by 
secondly using these ratios with the K peak detected for an amyloid sample, 2 
s amyloid treated sample and a 2 s amyloid treated sampled 3 mm from plasma 
contact region to deduce C-C bond contribution of the underlying mica disk to 
the amyloid samples. Finally obtaining C-C bond contribution from the 
amyloid aggregates by taking away C-C bond contributions of the underlying 
mica disk. The procedure described above was used to remove contributions of 
the underlying mica disk to XPS signals for the protein sample to make the 
data more reliable.  
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Fig 4.11: XPS spectrum for clean mica. Shows the adjacent Potassium (K2p) peak 
used for ratio calculations for background mica C-C bond removal  
 
To establish whether using the K peak is suitable for detecting the C-C 
peak contribution of the underlying mica, the composition of bonds in a single 
amyloid β1-42 peptide was estimated. The number of bonds per peptide for C-
C, C-O + C-N and C=O are 145, 108 and 50 respectively. This converts to C-C 
47.85 %, C-O + C-N 35.64 % and C=O 16.50 %. Using the K peak for the 
amyloid sample and the ratio calculated for clean mica, the area of the C-C 
peak was determined for the underlying mica and subtracted from the total C-
C area. The corrected areas converted to C-C 49.34 %, C-O + C-N 37.53 % 
and C=O 13.13 % which are similar to the percentages calculated directly 
from the peptide structure. This confirms that using the K peak is appropriate 
for assessing whether plasma treatment affects the chemical make-up of the 
protein. 
  
Figure 4.12 shows XPS analysis and peak fitting data for (a) untreated; 
(b) 2 s treated mica disk; (c) 2 s treated mica disk sampled at a remote area 3 
mm from plasma contact point; (d) untreated amyloid sample; (e) 2 s amyloid 
treated sample and (f) 2 s plasma treated amyloid sampled at a remote area 3 
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mm from the plasma contact point. All mica samples (without amyloid) show 
both C-C and Si-C bonds (figure 4.11 (a – c)). The plasma-treated amyloid 
samples (figure 4.12 (e) and (f)) had an additional Si-C peaks from the 
underlying mica disk, whose signal was reduced by the overlying amyloid 
aggregates to below their detection limit in the untreated amyloid sample 
(figure 4.12 (d)). Therefore the overall curve shape in figure 8d is distorted by 
the Si-C peak. However careful examination of the other three peaks, namely 
C-C, C=O, and combined C-O + C-N bonds, revealed marked changes. To see 
this clearly, percentage distributions of the three bonds are shown in table 1 for 
(1) the untreated amyloid sample; (2) the central area of a treated amyloid 
sample (impacted directly by the light-emitting part of the plasma jet); and (3) 
a remote area of the treated amyloid sample at 3 mm from the sample centre. 
Plasma treatment time was for 2 s under identical conditions to those in figure 
4.5. It is clear from table 1 that the percentage distribution of the four chemical 
bonds remained roughly the same for the untreated amyloid sample and the 
central area of the treated sample. By contrast, the remote areas of the treated 
amyloid sample show distinct deviation in the distribution of different bonds 
to that of the untreated sample. This suggests that direct plasma impact (to the 
central area) is likely to be dominated by a physical etching as observed in 
chapter 3 for bacterial treatment, perhaps accompanied by damage due to 
reactive oxygen species. However, the indirect plasma impact to sampled areas 
remote from the light-emitting part of the plasma jet altered the chemical 
make-up of the intact amyloid aggregates. In other words, amyloid aggregates 
in remote areas of the surface were most likely to have suffered some form of 
degradation or chemical alteration. This is consistent with the conclusions 
from the AFM data in figure 4.5 and detection of atomic Oxygen species at the 
edge of the mica surface in figure 4.6.  In general, plasma species were able to 
diffuse into the porous structure of amyloid aggregates and this led to the 
degradation of the amyloid fibrils. 
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Untreated 
Amyloid 
Treated Amyloid Sample at 2s 
Sample centre 
3 mm from 
centre 
C-C 13.13% 13.10% 13.86% 
C-O + C-N 37.53% 38.02% 42.05% 
C=O 49.34% 48.87% 44.09% 
 
Table 1:  Different Carbon chemical bond percentages for 2 s CAP treated and 
untreated amyloid aggregates 
4.3   Discussion 
This chapter has focused on a pulsed RF CAP treatment of a model 
protein Amyloid β1-42. Plasma treatment of proteins has been previously 
reported in the literature. Results have shown structural damage to lyzozyme 
enzymes causing a loss in antibody recognition, the elimination of infectivity 
of prion proteins from metal surfaces and etching of three different proteins, 
lyzozyme, ubiquitin and BSA from a variety of different surfaces (Baxter et 
al., 2005, Bernard et al., 2006, von Keudell et al., 2010). Mogul et al. (2003) 
have demonstrated that an O2 plasma system is capable of degrading BSA and 
inactivating enzyme activity in Soybean lipoxygenase-1 in less than 90 and 60 
s respectively. Rossi et al. (2006) have also shown significant etching of 
collagen and brain homogenate films using a O2:H2 gas composition. All the 
results described above were obtained using low pressure plasma systems. 
These systems have some disadvantages when compared with their 
atmospheric counterparts. Low pressure systems can have expensive vacuum, 
and chamber systems, water can affect the vacuum and products can only be 
treated in batch. This is why it is important for atmospheric plasma systems to 
be tested to see if they are as effective at protein degradation. 
 
Plasma treatments of proteins using atmospheric plasmas have 
previously been shown in the literature. Kim and Kim (2006) investigated 
plasma effects on two pure proteins, BSA and Alkaline Phosphatase (AP) as 
well as the impacts plasma will have on enzymes found in the cytoplasm of 
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bacteria. The plasma system comprised a parallel plate configuration with the 
gas composition of He/O2 blown between the electrodes that were spaced 6 
mm apart. BSA as detected by electrophoresis showed degradation of the 
native structure over a period of 60 s, treatment times greater than 40 s were 
sufficient to cause the protein band to fall below the level of detection. 
However, total protein detected using the Bradford assay over the same 
treatment times showed no reduction in protein which suggests the native 
protein was being degraded into smaller fragments but not removed. However, 
caution should be exercised in interpreting this result as the Bradford dye is 
likely to interact differently with a native protein with the same protein once it 
is denatured. Bands corresponding to smaller fragments of protein were 
detected for short treatment times of less than 4 s but none were detected for 
times of 10 – 30 s, these short treatment times are comparable to the times 
taken to degrade amyloid aggregates in this study. AP and Catalase activity 
was also reduced in the same study with a complete loss of AP activity for 
treatment times greater than 20 s. Catalase inactivation required longer 
treatment with ~40 % decrease in activity being achieved in 180 s, this was 
because the enzyme was inside the bacterial cytoplasm during treatments so 
the membrane structures of the bacteria gave protection to the internal 
proteins, this highlights that plasma treatment may not be limited to the 
external structures of the bacteria. 
 
Deng et al. (2007c and b) varied a number of different parameters when 
assessing protein removal-voltage, gas compositions and nozzle to sample 
distance was tested. The protein used to test for the optimum plasma 
conditions was Bovine Serum Albumin (BSA) which was covalently labelled 
with a fluorescent molecule (FITC); fluorescent intensity was shown to be 
linearly correlated with protein concentration. Optimum conditions for the 
fastest rate of protein removal was achieved using a distance of 1 cm from 
nozzle to sample, gas composition of 5 slm He and 25 sccm O2 at 8 kV. 
Interestingly, the gas composition of He with an admixture of 0.5 % O2 was 
similar to experiments reported in this chapter. 
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Karakas et al. (2010) have recently treated α-synuclein amyloid fibrils 
commonly found in patients suffering from Parkinson’s disease. Their results 
confirm those reported in this chapter which show that tough amyloid fibrils 
can be degraded and damaged by cold atmospheric plasma treatment. The 
treatment times were of a longer duration (10 mins) compared to the results 
presented in this chapter (8 s), and this could be attributed to the way the 
plasma jet was powered (DC pulsed), the treatment distance (2cm) and the gas 
composition (only Helium) or a combination of all three.  
 
More recently Julák et al. (2011) have used a prion cell infectivity assay 
and western blotting to assess the capability of atmospheric plasma for prion 
inactivation. Using a DC power supply four different corona discharges were 
tested and it was shown that the negative corona discharge was the best at 
inactivating infectious prions in RML brain homogenates suspended in a water 
sample. The infectivity assay showed that significant reductions in the signal 
could be achieved when treating 1 and 0.1 % RML brain homogenates for 5-
20 mins. Treatment of 0.1 % homogenate for 10-20 mins almost completely 
removed the signal and for a 1 % homogenate treated for 20 mins the signal 
was less than a 1 % untreated homogenate that was diluted 160 fold. During 
treatments the pH of the solution increased in acidity and this may have had a 
role in protein inactivation. Western blotting revealed reductions in the amount 
of infective prion protein detected with increasing treatments times but it was 
noticed by the authors that the treatment time appeared to result in the proteins 
becoming more insoluble. Treating the solutions with urea after treatments 
helped to increase the yield of proteins detected by western blotting due to 
increasing the solubility of these insoluble proteins.  
 
Results in this chapter show significant degradation of tough fibrous 
amyloid structures within very short plasma treatment times. Damage of these 
fibrous structures was also observed outside the direct plasma contact region. 
It is useful to discuss which plasma species may have been responsible for this 
action. The results clearly show that in the central contact region all the protein 
is being removed another could be due to etching, oxidative damage or a 
combination of both. Interestingly, previous results focusing on protein 
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degradation at low and atmospheric pressure have all shown that adding 
Oxygen to the gas mixture improves protein etching (Rossi et al., 2006, Deng 
et al., 2007c, Kylian et al., 2008, Rossi et al., 2009, von Keudell et al., 2010). 
This suggests that Oxygen species are important for the protein degradation 
observed when directly contacted by the plasma plume. The mid-point and 
near the sample edge was not however contacted by the plasma plume directly 
and still shows that considerable reduction of amyloid aggregates can be 
achieved in these remote areas. This is interesting because these areas would 
not experience substantial physical forces, for example, plasma-assisted gas 
flow, surface tension due to charged particles, or even impact of fast-moving 
plasma bullets (Teschke et al., 2005, Lu & Laroussi 2006, Shi et al., 2008a). 
OES reveal atomic oxygen lines at 777 nm are still detectable near the sample 
edge (figure 4.6). The results in chapter 3 indicate that the 777 nm line is not 
suitable for detecting bacterial inactivating gas species. Perni et al. (2007) 
have shown that adding Oxygen to a He plasma jet system increased the 
concentration of atomic oxygen detected at 777 nm and caused ROS sensitive 
E. coli mutants to be inactivated faster over the same treatment times 
compared to the wild type strain. Kim and Kim (2006) also showed 777 nm 
peaks for an atmospheric parallel plate plasma with a He/ O2 gas composition 
which increased the concentration of ROS detected in the cytoplasm of E. coli 
bacteria over short treatment times. This suggests that although all the 
inactivating species are not detected with OES, the ROS chemistry is still 
responsible for amyloid reduction effects away from the plasma plume. The 
delivery of these ROS to the remote sample areas in this study possibly 
occurred through radial diffusion and/or advection, with a glancing effect 
rather than a “head-on” impact. In other words, physical removal was unlikely 
to have contributed to the reduction of amyloid aggregates in areas outside the 
plasma diameter. The glancing action may result in diffusion of these ROS 
into the porous structure of the amyloid aggregates, thus oxidising parts of the 
fibrils in their diffusion path and resulting in a “scattering” of reduced 
aggregates on the sample surface where the original aggregates perhaps were 
most highly stacked. XPS analysis of the Carbon peaks appears to confirm 
etching as the main effect for the amyloid that directly contacted the plasma 
plume. The proportion of various bonds is different outside the area of the 
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direct plasma treatment suggesting some chemical modification of the 
remaining protein peptides may be occurring. This would need to be 
confirmed by further investigation using structural studies for example, solid-
state NMR, which would require collaborators with the expertise in this area.  
4.4   Conclusions 
The results in this chapter demonstrate that it is possible to achieve 
degradation of highly ordered amyloid aggregates and probably other proteins 
such as allergens or proteins with a cross-β structure including prions using a 
pulsed RF plasma jet. At the sample centre where the plasma jet impacted 
directly, the reduction of amyloid aggregates is much more significant. This 
could be due to physical etching of the fibres similar to bacterial etching 
observed in Chapter 3, or a more aggressive oxidation effect, or their 
combined synergistic effects. Damage to the fibrous structures was also 
detected outside the direct contact region. XPS analysis hints at the possible 
alteration in the chemical structure of the proteins outside the direct plasma 
contact region. OES detected ROS outside the plasma contact region and 
suggests a high likelihood that amyloid aggregates outside the plasma region 
were reduced through degradation by ROS, with only little contribution from 
peeling-off forces and other physical etching. Proteinaceous matter need not 
necessarily be directly impacted by plasma treatment for positive treatment 
outcomes; proteins outside the region of direct contact may have received 
exposure sufficient to affect their functionality.  
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5. The effects of changes to bacterial lipid 
composition on inactivation by an air mesh 
plasma  
5.1   Introduction 
A considerable amount of work has gone into identifying the plasma gas 
species that are responsible for bacterial inactivation (Morent & Geyter 2011). 
Due to the very transient nature of many of the reactive plasma species it 
seems reasonable to suppose that the bulk of the impact will be encountered at 
the bacterial outer surface such as the cell wall, surface proteins and 
membrane lipids, with reduced effects experienced at the interior of the cell. 
This chapter focuses on whether the cell membrane, and more specifically the 
lipids that compose the membrane, are the targets for plasma inactivating 
species.  
 
The cell membrane, also known as the plasma membrane, plays a 
number of roles amongst which is the transport of key nutrients and ions into 
and out of cells and separating the cytoplasm from the external environment. 
The cell membranes consists of a lipid bilayer and embedded in this bilayer, 
are proteins that have important functions such as cell adhesion, energy 
production, maintaining ion gradients, removing toxic compounds and 
bringing in key nutrients essential for growth and survival. This lipid bilayer is 
impermeable to most water-soluble compounds allowing it to act as a good 
protective barrier towards harmful substances whilst retaining compounds 
important for the cells survival. Polar compounds have a much reduced 
permeability and charged polar molecules have even lower permeability. 
Water can readily diffuse through the lipid bilayer and uncharged apolar 
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compounds such as fats and organic solvents can diffuse through lipid 
membranes even faster (Deamer & Bramhall 1986). As well as having a 
plasma membrane, bacteria have a cell wall that is made from a peptidoglycan 
polymer of sugars cross-linked with amino acids. An alternating sugar 
structure makes up the polymer which is cross-linked with amino acids chains 
to make a tough 3D mesh. This peptidoglycan layer can be very thick in Gram 
positive bacteria such as Listeria (up to 80 nm) and much thinner in Gram 
negative bacteria such as E. coli (7-8 nm) and molecules having dimensions of 
~2 nm are capable of passing through this peptidoglycan layer (Demchick & 
Koch 1996). The thin peptidoglycan layer of Gram negative species is 
sandwiched between the inner and outer membranes. The outer membrane has 
the same fatty acid composition as the inner plasma membrane (Morein et al., 
1996). Differences do exist between the two membrane structures with the 
outer membrane containing Lipopolysaccharides (LPS, polysaccharides 
covalently bound to lipids). Polysaccharides bound to phospholipids can act as 
endotoxins and elicit strong immune responses in animals. Another structure 
which can be found on the outer surface of a broad range of bacterial species is 
polysaccharide capsules. Capsules are surface-enveloping structures 
comprising of high-molecular-weight (capsular) polysaccharides and can 
mediate direct interactions between the bacterium and its immediate 
environment The structure of capsules polysaccharides can vary not only by 
the monosaccharide units that make them up but also in how these units are 
joined (Roberts, 1996). 
 
The lipid bilayer is usually maintained in a fluid liquid-crystalline state, 
and preserving this correct physical state is important for membrane structure 
and for the functioning of proteins contained in the bilayer. Changes in 
temperature can result in significant changes in lipid composition. Typically, 
bacteria adjust their fatty acid composition to conserve this liquid-crystalline 
state; there are several ways this can be achieved. Variations in the 
percentages of saturated (SFAs), unsaturated (UFAs) and cyclic fatty acids 
(CFAs) are the key changes that bacteria will use to maintain this liquid-
crystalline state. An increase in temperature will melt the membrane making it 
more fluid therefore the bacteria will incorporate longer SFAs which have a 
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higher melting point and less branching, and UFAs to allow the lipids to pack 
tighter together to reduce the fluidity back to the optimum liquid-crystalline 
state. The reverse happens when the temperature is reduced. The proportion of 
lower melting point fatty acids such as branched chain fatty acids and UFAs as 
well as short SFAs are increased to restore the fluidity back to the liquid-
crystalline state. Typically Gram positive bacteria such as Listeria will change 
the branching position of fatty acids to control membrane fluidity with low 
background levels of UFAs (Annous et al., 1997). Gram negative bacteria 
such as E. coli will change the level of UFAs as well as the amount of cyclic 
fatty acids (CFAs) to maintain bilayer fluidity, they tend to contain very little 
if any branched chain fatty acids. 
 
The ability of bacteria to adjust their lipid composition enables them to 
survive changing conditions and some very extreme temperatures. Listeria 
monocytogenes and L. innocua have been shown to be capable of growing at 
refrigeration temperatures and lower. This can pose a significant threat to 
certain food products that are refrigerated for storage. As well as growing at 
very low temperatures listerial species are also capable of growing at 
temperatures as high as 42˚C (Ryser & Marth 2007).  
 
Because the bacterial plasma membrane is one of the structures the 
plasma gas species are likely to impact on, this chapter focuses on whether the 
lipid bilayer plays a significant role in inactivation by the air mesh plasma 
system. By changing the temperature used for culturing bacteria, different lipid 
compositions result and the inactivation curves are compared for two different 
bacteria, one Gram positive (L. innocua) cultured at 40 and 7˚C and one Gram 
negative (E. coli) cultured at 17 and 37˚C. 
 
In addition to comparing inactivation curves with bacteria that contain 
different lipid compositions, treated cells were analysed using flow cytometry. 
Flow cytometry is a powerful tool that is capable of individually analysing 
thousands of cells a second allowing great statistical resolution of the 
population. With the right fluorescent stains and probes the physiological state 
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of each cell in a population can be assessed within minutes. Multiparameter 
staining can allow the identification of several different states of viability 
(Nebe-von-Caron et al., 2000). Because the technique does not require 
culturing of the bacteria for analysis, it is possible to assess if treated cells 
which are viable but non culturable by comparing viable percentages against 
direct plate counts (Muller & Nebe-von-Caron 2010). 
5.2    Results 
5.2.1 Listeria attenuated air mesh inactivation 
 Air mesh inactivation has previously shown that L. innocua is a good 
substitute for L. monocytogenes (figure 3.18). Category 1 bacteria were 
selected for the experiments reported in this chapter for safety reasons. 
Although treatments with the air mesh are not associated with a gas flow and 
the risk of creating bacterial aerosols is negligible, the analysis of the cells 
using flow cytometry can generate aerosols after passing through the flow cell.  
 
Previous air mesh inactivation results presented in chapter 3 revealed 
rapid inactivation of L. innocua, 2.79±0.23 log reduction after 5 s treatment. 
This treatment is too aggressive for analysing plasma-treated bacteria with 
flow cytometry because the shortest treatment (5 s) decreased the percentage 
of viable bacteria to <0.2 % as assessed by viable plating. Such an aggressive 
treatment may result in subtle physiological changes to the bacteria going 
undetected using flow cytometry analysis. In order to increase the chance of 
detecting such changes, the plasma treatment was attenuated as described in 
section 2.8.2. A schematic representation of the attenuated plasma treatment is 
shown in figure 5.1.  
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Fig 5.1: Schematic representation for the Air mesh attenuated plasma treatment. 
 
All plasma treatments were conducted in a class II safety cabinet that 
creates a sterile environment for treatments. To attenuate the treatment the air 
mesh to sample distance was increased from 10 to 25 mm using spacers which 
created a 10 mm air gap between the air mesh lid and the top of the petri dish 
containing the bacterial sample. Although the air gap did not allow plasma 
inactivating species to accumulate to high levels during treatments, it still was 
not enough to reduce the impact of the plasma treatment on the cells. 
Therefore a computer fan was placed 20 cm away from the sample to blow 
across the air gap during treatment to remove some of the gas species. This 
arrangement succeeded in bringing about sufficient attenuation of plasma as 
shown with the inactivation curve in figure 5.2. A significant decrease from 5 
log reduction in 20 s to ~1.5 logs in 30 s was achieved by attenuating the 
plasma treatment. 
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Fig 5.2: L. innocua attenuated air mesh inactivation curve. 
5.2.2  L. innocua lipid compositional changes 
To assess the effect different membrane compositions have on plasma 
inactivation, L. innocua was cultured at two temperatures, 40 and 7˚C which 
were near the upper and lower limits of growth. The maximum temperature 
span was chosen to bring about the greatest variation in lipid compositions. 
Table 1 shows the extracted fatty acid compositions of L. innocua cultured to 
stationary phase at these temperatures.  
   % Total fatty acids 
Fatty Acid Methyl Ester  40˚C  7˚C 
C12:0 ***  0.03  0.27 
C13:0 iso 11‐methyl ***  0.05  0.25 
C13:0 anteiso 10 methyl ***  0.05  1.10 
C13:0 ***  ND  0.05 
C14:0 iso 12 methyl ***  0.84  2.19 
C14:0 ***  0.27  0.76 
C15:0 iso 13methyl ***  10.80  9.86 
C15:0 anteiso 12methyl ***  44.73  69.98 
C15:0 **  0.10  0.11 
C16:0 iso 14 methyl ***  4.26  1.65 
C16:1 (9) trans ***  0.47  0.29 
C16:1 (9) cis ***  0.00  0.06 
C16:0 *  1.32  1.20 
Chapter 5: Lipid composition effects on bacterial air mesh inactivation 
 
 
-170- 
 
 
 
 
 
 
 
 
 
 
 
Table 5.1: L. innocua lipid fatty acid compositions grown at two different 
temperatures. 
Statistically significant differences in all but four fatty acids were 
observed between the two different culturing temperatures. Fatty acids that did 
not significantly differ were three 18 Carbon fatty acids, two monoenoic and 
one dienoic unsaturated fatty acids and a saturated 17 Carbon fatty acid. In 
order for the membrane to remain fluid at the lower temperature, L. innocua 
was able to significantly raise the percentage of the lower Carbon chain fatty 
acids and decrease the larger carbon chains to allow less hydrophobic 
interactions between the lipids resulting in an increased fluidity. The largest 
percentage changes were observed for the C15 and C17 branched chain fatty 
acids. Changes in the branching position of the methyl group from the 
penultimate carbon to the ante-penultimate carbon atom, i.e. two from the end, 
would serve to reduce the packing of the lipids creating more fluidity. This is 
shown by the dramatic increase in 12-methyl-tetradecanoate anteiso (C15:0 
anteiso 12 methyl) fatty acid from 44.73 to 69.98 % and a small decrease in 
the 13-methyl-tetradecanoate iso (C15:0 iso 13 methyl) fatty acid from 10.80 
to 9.86 %. The increase in the C15:0 anteiso 12 methyl was at the expense of 
the longer C17:0 branched chain fatty acids which significantly decreased in 
order for membrane fluidity to be maintained. These results are consistent with 
fatty acid compositional changes observed for L. monocytogenes (Annous et 
al., 1997). 
 
C17:0 iso 15 methyl ***  4.58  0.50 
C17:0 anteiso 14 methyl ***  31.18  9.76 
C17:0  0.03  0.01 
C18:2 (9,12) trans trans  0.08  0.09 
C18:0 iso 17 methyl ***  0.06  ND 
C18:1 (9) trans  0.25  0.22 
C18:1 (6 or 9 or 11)  0.10  0.06 
C18:0 **  0.16  0.30 
Others **  0.66  1.28 
ND, not detected  
* 0.05 significance 
** 0.01 significance 
*** 0.001 significance 
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Air plasma treatment results in the generation of a variety of different 
reactive oxygen and nitrogen species (ROS and RNS). It is widely believed 
that these species are mainly responsible for bacterial inactivation. If the 
plasma membrane was a key target and played an important part in the 
inactivation of cells then these reactive species would presumably have to 
react with the fatty acid lipids present in the bilayer. Within the membranes, 
UFAs represent the preferential targets for attack by ROS. From the extracted 
lipids for L. innocua cultured at 40 and 7˚C (Table 5.1), the percentages of 
UFAs are both below 1 %. The total percentages of UFAs are 0.9 and 0.71 % 
for 40 and 7˚C respectively and the differences between the two temperatures 
were not statistically significant.  
 
The methods used to prepare the bacteria for inactivation tests resulted in 
the bacteria remaining at room temperature 60 mins before being treated. It 
was not clear whether over this period of time the bacteria could have 
significantly adjusted their membrane composition back to those optimal for 
room temperature. To test this, bacteria cultured at 7˚C were centrifuged and 
resuspended in chilled PBS twice to remove medium residues. After the 
second centrifugation the bacterial pellet was resuspended in room 
temperature PBS and left for 30 or 60 mins. Once the time had elapsed, the 
bacteria were centrifuged and the fatty acids were extracted and analysed. 
Percentages of fatty acid extracts after 30 and 60 mins room temperature 
incubation are shown in Table 5.2. Significance tests for each fatty acid 
showed no significant differences in lipid extracts over the entire 60 mins 
incubation period. There was one anomalous result for the UFA methyl 
hexadecenoate (C16:1 (9) trans) that showed a significant difference after 30 
mins room temperature incubation, but the 60 mins incubation did not show a 
significant difference. 
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Table 5.2: Effect of L. innocua lipid composition over time stored at room 
temperature. 
5.2.3 L. innocua inactivation and flow cytometry analysis 
Bacterial inactivation was conducted in order to assess whether 
differences in the bacterial lipid composition affect inactivation. Figure 5.3 
compares the inactivation curves for L. innocua cultured at 40 and 7˚C. One 
way analysis of variance (ANOVA) showed that there was a significant 
difference for the first 15 s attenuated treatment (P < 0.05). Increased 
treatment times shows identical inactivation curves. This suggests that the 
different lipid compositions did not play a significant role in affecting 
 
  % Total fatty acid 
Fatty Acid Methyl Ester  7˚C  + 30 mins 
+ 60 
mins 
C12:0   0.27  0.29  0.24 
C13:0 iso 11‐methyl   0.25  0.25  0.22 
C13:0 anteiso 10 methyl   1.10  1.15  1.04 
C13:0   0.05  0.05  0.05 
C14:0 iso 12 methyl   2.19  2.18  2.13 
C14:0   0.76  0.74  0.73 
C15:0 iso 13methyl   9.86  9.70  9.92 
C15:0 anteiso 12methyl   69.98  70.45  69.53 
C15:0   0.11  0.10  0.10 
C16:0 iso 14 methyl   1.65  1.59  1.71 
C16:1 (9) trans   0.29  0.26*  0.29 
C16:1 (9) cis   0.06  0.05  0.06 
C16:0   1.20  1.18  1.30 
C17:0 iso 15 methyl   0.50  0.48  0.51 
C17:0 anteiso 14 methyl   9.76  9.59  10.17 
C17:0  0.01  0.00  0.02 
C18:2 (9,12) trans trans  0.09  0.09  0.09 
C18:0 iso 17 methyl   0.00  0.00  0.00 
C18:1 (9) trans  0.22  0.21  0.23 
C18:1 (6 or 9 or 11)  0.06  0.05  0.06 
C18:0   0.30  0.34  0.38 
Others   1.28  1.22  1.20 
* 0.05 significance       
Chapter 5: Lipid composition effects on bacterial air mesh inactivation 
 
 
-173- 
 
inactivation. This is potentially due to the fact that the key targets i.e. the total 
UFAs do not significantly differ. 
 
Fig 5.3: L. innocua attenuated air mesh inactivation curves for two different culture 
temperatures. 
 
To assess the effects of plasma treatment at the cellular level, flow 
cytometry was used to analyze treated bacteria at the two culturing 
temperatures. Stains used for these assessments were SYTO13, Propidium 
Iodide (PI), Bis - (1,3 - dibutylbarbituric acid) trimethine oxonol (DiBAC4(3)) 
and carboxy fluorescein diacetate (cFDA). In order for the correct dye 
concentrations to be used for analysis and to ensure that these dyes are 
working as expected, control cultures were prepared and analysed the same 
day as experiments. Control cultures consisted of a healthy population 
harvested from the exponential growth phase, centrifuged and washed with 
filter-sterilised PBS to remove growth media. Dead cells were generated by 
first harvesting cells from an overnight culture, washing in filtered PBS after 
centrifugation and then treating for 30 mins either by incubation in 70 % 
ethanol or at a temperature 80˚C. For alcohol-treated cells, ethanol was 
removed by centrifugation and washed before staining. Figure 5.4 A shows a 
mixture of control cells stained with dye concentrations optimised for staining 
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and incubation time. All cells were gated using their forward and side scatter 
properties as shown in figure 5.4 (a). To establish the position of the gate, cells 
were stained with SYTO13, events that did not show fluorescence was 
background noise. The gate was adjusted to remove as much background noise 
as possible before analysis was recorded. Figure 5.4 (b – d) shows a mixture of 
viable and dead cells stained with (b) SYTO 13 and PI, (c) DiBAC4(3) and PI 
and (d) DiBAC4(3) only. PI fluorescence is measured on the x axis and 
SYTO13, DiBAC4(3) or cFDA are measured on the y axis.  Analyses of 
mixtures of control cells were conducted to ensure that the dyes are working as 
expected; the two populations can be clearly resolved and allows gates to be 
properly drawn for analysis of plasma-treated cells. Background noise can be 
highlighted in the lower left quadrant in figure 5.4 (b).  
 
Fig 5.4: Flow cytometry density plots for a mixture of healthy and dead control cells 
(a) light scattering properties (b) dual staining SYTO13 and PI. (c) dual staining DiBAC4(3) 
and PI and (d) stained with DiBAC4(3) only. SYTO13 or DiBAC4(3) fluorescence is measured 
on the y axis and PI fluorescence on the x axis. 
 
Dual staining a mixture of control bacteria with SYTO13 and PI (figure 
5.4 (b)) shows healthy cells with an intact membrane in the upper left quadrant 
and dead cells with a compromised membrane in the lower right quadrant. PI 
fluorescence increases when it intercalates into the DNA and can 
simultaneously quench the fluorescence of SYTO13 which explains the shift 
from viable to dead population. Dual staining with DiBAC4(3) and PI as 
shown in figure 5.4 (c) reveals healthy cells with a polarised membrane in the 
lower left quadrant, depolarised cells in the upper left quadrant and 
depolarised cells with a compromised membrane in the upper right quadrant. 
No bacteria were observed in the upper left quadrant (depolarised only cells) 
because the treatments used to kill the bacteria for PI staining damaged the 
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membrane which simultaneously depolarised the cells resulting in dual 
staining of these cells (upper right quadrant). DiBAC4(3) single staining in 
figure 5.4 (d) shows healthy polarised cells in the lower left quadrant and 
depolarised cells in the upper left quadrant. Combining PI with DiBAC4(3) is 
more useful because it can detect what proportion of depolarised bacteria have 
a compromised membrane. PI should not quench the DiBAC4(3) fluorescence 
because it stains the bacterial membrane not the DNA.   
 
Figure 5.5 shows dual staining with SYTO13 and PI for listerial cells 
cultured at 40˚C (a – d) and 7˚C (e –h) for one of the triplicate tests conducted. 
The other two of the triplicates are shown in appendix 2 (figures A 2.1 and 
2.2). The cells were analysed after being treated for 0 (a + e), 15 (b + f), 30 (c 
+ g) and 45 s (d + h). The results show that the process of filtering and 
recovery for 0 s treatment (figure 5.5 (a + e)) does not adversely affect the 
bacteria; they are all in a healthy state with their membranes intact in the upper 
left quadrant. It should be noted that the lower left quadrant has ~3% of the 
total gated data events with most of them on the axis of the plot. This could 
either be background noise or cellular debris that has similar scatter properties 
to those of the gated bacteria. This is because the fluorescence is very low, 
even though cells have been stained with SYTO13 and PI, a stain combination 
that can detect cells containing DNA. The percentage of background noise for 
all plasma-treated samples was ~5 %.  
 
The first 15 s treatment reveals differences between the SYTO13 and PI 
staining for 40˚C (figure 5.1 (b)) and 7˚C (figure 5.1 (f)). There is over two 
times the percentage of viable bacteria for the 7˚C culture compared with the 
40˚C. The PI fluorescence that detects dead bacteria reveals a low staining 
percentage for 7˚C culture compared with a high percentage for population 
growth at 40˚C. Greater survival of the 7˚C culture for the first 15 s treatment 
is consistent with the inactivation curves of figure 5.3. The most interesting 
differences for the two cultivation temperatures concerns the dual staining 
population in the upper right quadrant. High SYTO13 fluorescence should not 
exist with high PI staining in the same cell because PI quenches SYTO13 
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fluorescence. This suggests that bacterial cells that have yet to fully divide 
(one dead and one viable) are passing through the laser resulting in the dual 
staining observed. Another possibility is coincident events which occur when 
two or more bacteria are closely packed in the flow stream and the instrument 
cannot distinguish between the two bacteria. In order to avoid coincident 
events bacteria were diluted to a low concentration (~1x106 CFU/ml) and a 
minimal flow rate was used for all experiments giving a low number of data 
events/second to achieve readings within the range of 4-800 data 
events/second.  
 
Increasing the treatment time from 15 to 30 and 45 s shows a small 
decrease in the percentage of viable listerial cells (upper left quadrant) 
cultured at 40˚C (figure 5.5 (c and d)). There is also a decrease in the 
percentage of dual stained cells (upper right quadrant) as the treatment time 
increases from 15 to 30 s, 45 s reveals a similar dual staining percentage to 30 
s. Comparing this to cells cultured at 7˚C reveals a significant decrease in 
viable bacteria from 15 (figure 5.5 (f)) to 30 s plasma treatment (figure 5.5 
(g)). There is also a substantial decrease in the percentage of dual stained cells 
for 30 s treatment. The SYTO13 and PI staining for both bacterial culturing 
temperatures showed similar staining percentages for 30 s and also 45 s 
treatments. This is consistent with the inactivation curves shown in figure 5.3 
that shows comparable numbers of viable bacteria after 30 and 45 s treatments. 
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The results presented in Figure 5.5 clearly demonstrate that the bacterial 
plasma membrane is being compromised by the plasma treatment; even though 
the air mesh plasma treatment in Chapter 3 did not visibly show any structural 
damage to the listerial cells. The fact that the plasma membrane is being 
compromised during plasma treatment suggests membrane lipids or membrane 
proteins may be key targets for the inactivation process. Focusing on the lipid 
composition in Table 5.1 shows that there is no significant difference for the 
total UFAs. This type of lipid would be most susceptible to the ROS present in 
the plasma suggesting that there would be no significant inactivation 
differences between the two culturing temperatures. This holds true for 30 and 
45 s inactivation but there is a significant difference for the first 15 s 
treatment. It seems unlikely that this difference is due to the altered lipid 
composition which consists mainly of SFAs and branched chain fatty acids, 
unlikely targets for ROS and RNS. 
 
In order to investigate what could be responsible for the differences in 
15 s air mesh plasma treatment, the polarisation state of the cells were 
analysed. DiBAC4(3) is a membrane potential dye that will bind and stain 
bacterial membranes that are depolarised enhancing their fluorescence.  
DiBAC4(3) and PI dual staining can assess whether plasma treatment caused 
bacterial membranes to depolarise by interfering with energy production or ion 
gradients of the cells which then subsequently leads to membrane damage or 
whether plasma treatment causes direct cell membrane damage which 
simultaneously causes depolarisation due to loss of key ions through 
membrane pores. Figure 5.6 shows DiBAC4(3) and PI dual staining for plasma 
treated listerial cells culture at 40˚C (a – d) and 7˚C (e – h).  
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There is a marked difference between the 0 s samples for the 40˚C 
grown population (figure 5.6 (a)) and that grown at 7˚C (figure 5.6 (e)). For 
the bacteria cultured at 40˚C, a significant proportion of the bacteria are 
depolarised (~60 – 70 %). In comparison to the 7˚C culture the proportion of 
depolarised cells is only 2.5 % - significantly lower. The fact that the bacteria 
differ in their state of polarisation before plasma treatment may offer one 
reason for differences observed for the first 15 s treatment. Figure 5.6 (b) 
shows a large proportion of cells permeabilised and depolarised (upper right 
quadrant). This percentage change is similar to the percentage of depolarised 
cells for 0 s treatment, suggesting that the plasma is permeabilising the 
depolarised cells. There are still a proportion of depolarised cells in the upper 
left quadrant (~14 %) after 15 s treatment, but this percentage is similar to the 
decrease in viable bacteria (lower left quadrant) between 0 and 15 s. This 
suggests that the viable bacteria are being depolarised first and then 
subsequently permeabilised. Results for 7˚C 15 s treatment (figure 5.6 (f)) 
support this view as at 0 s (figure 5.6 (e)) only a low percentage of depolarised 
cells are obtained whereas after 15 s treatment a large percentage of 
depolarised cells are generated (54.1 %). The first 15 s plasma treatment can 
also generate a small proportion of cells that are permeabilsied and depolarised 
(13.3 %). Increasing the treatment time to 30 s (figure 5.6 (g)) shows similar 
staining percentages to 40˚C cultured cells treated for 15 s (figure 5.6 (b)). 
This is because 15 s plasma treatment is first needed to depolarise cells. These 
depolarised cells then become permeabilised after 30 s treatment (figure 5.6 
(f)). From 15 to 30 s treatment there is also a decrease in viable bacteria (lower 
left quadrant). The percentage decrease in viable bacteria between 15 and 30 s 
is similar to the percentage of depolarised cells (upper left quadrant) after 30 s 
treatment, suggesting again that viable bacteria are first being depolarised 
before being permeabilised, similarly to the plasma treated 40˚C cultured cells. 
Increasing the treatment time for 40˚C cultured cells to 45 s (figure 5.6 (d)) 
results in a greater increase in the percentage of permeabilised and depolarised 
cells (upper right quadrant) from 68.5 % for 30 s treatment to 81.5 % for 45 s. 
For the cells that are not permeabilised 10.4 % are depolarised (upper left 
quadrant) and 7.7 % are viable (lower left quadrant). For the 7˚C cultured cells 
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the staining appears to be unusual (figure 5.6 (h)). There is a large percentage 
(49.2 %) of cells that are permeabilised but are stained as if they are still 
depolarised (lower right quadrant). This should not be possible as 
permeabilised cells would not be able to maintain their ion gradients to be 
polarised. The other two samples of the triplicates had a similar staining 
pattern except the percentage for the lower right quadrant were lower (~26 %) 
than the 49.2 % shown in figure 5.6 (h) (appendix 2 figures A 2.3 and 2.4). To 
help better understand the state of this population, DiBAC4(3) staining alone 
was use to test their polarisation state as shown in appendix 2 (figures A 2.5, 
2.6 and 2.7). For 45 s treatment of 7˚C cultured cells shows 81.5 % of cells are 
in a depolarised cells. If the right side and upper left quadrant percentages are 
added together on figure 5.6 (h) 75.3 % is achieved. This is lower than the 
percentage of depolarised cells stained with only DiBAC4(3). It is clear from 
DiBAC4(3) only staining that the percentage of cells in the lower right 
quadrant for DiBAC4(3) and PI dual staining are actually in a state of 
depolarisation. This unusual staining could be due to a shift in the DiBAC4(3) 
fluorescence during analysis or PI quenching of the DiBAC4(3) fluorescence. 
 
Flow cytometry results together with the inactivation curves suggest that 
the lipid compositional differences at the two culturing temperatures are not 
responsible for the significant differences in 15 s treatment. The depolarisation 
state of the cell appears to be an important factor that can explain these 
differences in inactivation. Plasma treatment may be affecting key proteins 
embedded in the plasma membrane bilayer important for energy production or 
transport of key ions. Depolarised bacteria appear to be more easily 
permeabilised by plasma treatment.  
 
Additional attempts to estimate viability were undertaken using carboxy 
fluorescein diacetate (cFDA), a non fluorescent compound that can cross an 
intact plasma membrane where upon it is cleaved by energy-independent 
esterase enzymes. The resulting product carboxy fluorescein (cF) is a green 
fluorescent compound which is unable to cross an intact membrane. This 
results in the accumulation of fluorescence in healthy cells. Bacterial cells with 
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damage to their esterase enzymes will show lower fluorescence as will 
bacteria with a compromised membrane due to the loss of the fluorescent 
product. The results for cFDA staining of L. innocua cultured at 40 and 7˚C 
are shown in figure 5.7.  Figure 5.7 (a-c) are for 40˚C cultured cells and (d-f) 
are for 7˚C.  
 
Fig 5.7: Flow cytometry density plots for attenuated air mesh plasma treatment of L. 
innocua cultured at 40˚C (a-c) and 7˚C (d-f) stained with cFDA. (a + d) No treatment, (b + e) 
15 s and (c + f) 30 s treatment. cFDA fluorescence is measured on the y axis. 
 
Untreated L. innocua (figure 5.7 (a and d)) show high levels of 
fluorescence indicative of healthy cells with intact membranes and functioning 
esterase activity. There is also low background noise (~2 %) in the lower left 
quadrant mostly along the axis. Figure 5.7 (b and e) are for 15 s plasma 
treatment, they both show a substantial decrease in the healthy population 
when compared with untreated controls. Figure 5.7 (b) is for 40˚C cultured 
cells and shows a greater decrease in viable cells compared to the 7˚C cultured 
cells, consistent with inactivation curve differences. The percentages of viable 
cells are also similar to the SYTO13 and PI dual staining viable cells shown in 
figure 5.5 (b and f). The 40˚C population (figure 5.7 (b) has a slightly higher 
viable percentage with cFDA (26.1 %) compared with SYTO13 and PI (figure 
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5.5 (b)) which showed 23.5 % viable cells, although some proportion of the 
dual stained cells will be viable which will increase this percentage. 
Fluorescence for cells cultured at 7˚C treated with cFDA cells shows a 
complete contrast to the results obtained for cells cultured at 40˚C. Figure 5.7 
(e) shows 53.3 % viable cells but SYTO13 and PI dual stained cells show 54.8 
%, this value should probably also be greater due to a proportion of viable 
bacteria from the dual stained population. For the 7˚C cultured bacteria (figure 
5.7 (e)) there is a transition of fluorescence from high fluorescence (healthy 
cells) through to an intermediate state down to a low fluorescence (dead cells). 
This can be explained by the SYTO13 and PI dual staining in figure 5.5 (f) 
which shows a high percentage (30.5 %) of dual stained cells. This 
intermediate cFDA fluorescence could be due to duplet cells or some leakage 
of the fluorescent compound from damaged cells maintaining enzyme activity. 
For the 15 s treatment of 40˚C cultured cells (figure 5.7 (b)) there is also an 
intermediate staining that is noticeably less than that for the 7˚C case (figure 
5.7 (e)). This is possibly due to the population of cells that were dual stained 
(upper right quadrant) with SYTO13 and PI staining (figure 5.5 (b)). After 30 
s treatment (figure 5.7 (c)), 40˚C cultured cells show a small decrease in 
viability (upper left quadrant) and a decrease in the intermediate fluorescence, 
consistent with the SYTO13 and PI changes of viable and dual stained cells. 
The same trend also is shown for 7˚C cultured cells with a large drop in both 
the viable bacteria and intermediate staining cells (figure 5.7 (f)). 
 
To assess the reasons for the dual staining with SYTO13 and PI in figure 
5.5 (upper right quadrant) SEM images were obtained for Listeria cells that 
were cultured at the two different temperatures. This was to investigate 
whether the dual staining may be due to duplet bacteria that have yet to fully 
divide; in such circumstances one bacterium could be dead while the other is 
viable. Figure 5.8 shows SEM images of filtered listerial cells, cultured at 40 
degrees. Highlighted in red dashed circles is evidence that supports the 
existence of duplet bacteria that have not divided and which could be 
responsible for the dual staining.  
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Fig 5.8: SEM images at 6000X magnification for L. innocua cultured at 40˚C filtered 
on to membranes. Red dashed circles highlight two bacteria undivided. 
Dual staining for the 7˚C cultured cells revealed a large percentage (30.5 
%) of dual stained bacteria after 15 s plasma treatment (figure 5.5 (f)). Figure 
5.9 shows the SEM images for the 7˚C cultured bacteria. The SEM for filtered 
bacteria reveals cells that are slightly larger in size compared with the 40˚C 
counterparts. There are also chains of listerial cells (highlighted in red) that 
have apparently been unable to divide, this may explain why there is a larger 
percentage of dual stained bacteria compared to the 40˚C cells. Such chains of 
bacteria have previously been reported when cells were cultivated under 
conditions of stress (Isom et al., 1995, Bereksi et al., 2002, Giotis et al., 2007). 
 
Fig 5.9: SEM images at 2000X magnification of L. innocua cultured at 7˚C to 
stationary phase and filtered. Red dashed marker highlights multiple undivided bacteria 
forming chains. 
 
By Comparing the percentage of viable bacteria dual stained with 
SYTO13 and PI for each treatment time against the percentage of viable 
bacteria as determined by pour plates counts (CFU) it is possible to estimate 
proportion of viable bacteria that are non culturable by standard plate count 
methods. It is known in the literature that plate count methods can over-
estimate the effectiveness of some treatments (Berney et al., 2006). Table 5.3 
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shows the two percentages for viable bacteria as determined by SYTO13 and 
PI dual staining and plate count method for all treatment times and culture 
methods. The SYTO13 and PI stained cells that have not recovered treatment 
are not 100 % viable due to some background noise found on the axis of the 
fluorescence density plots. The CFU from 0 s plate counts for each triplicate 
were assumed to be 100 % viable. The percentage of viable cells after plasma 
treatment was calculated using the 0 s CFU for each of the triplicates. For all 
treatment times and culturing temperatures the percentage of viable bacteria 
for plate counting was always lower than the percentages detected using 
SYTO13 and PI dual staining. This indicates that the effectiveness of the 
attenuated plasma treatment is being overestimated using the plate count 
method and that there is a percentage of cells that are viable but non-
culturable. Correcting for the percentages after removing the background noise 
as well as including the proportion of viable cells in the dual staining 
population would increase the percentage of viable but non culturable bacteria 
for each treatment.  
 
Table 5.3: Comparisons of the percentage of viable cells determined from SYTO13 
and PI dual staining and Colony forming plating onto agar for plasma treated L. innocua 
cultured at 7 and 40˚C. 
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The bacteria after plasma treatment were firstly analysed by flow 
cytometry and then serially diluted and pour-plated to determine the CFU as 
shown in figure 5.3. This means there was approximately a 4 hr delay from 
when the bacteria were resuspended from the filter to being diluted and pour-
plated. To establish whether this delay affected viability, treated and non-
treated cells were pour-plated at three different times once the bacteria were 
resuspended from the filter (0, 2 and 4 hrs). Figure 5.10 shows the inactivation 
curves for the three different plating times after resuspension. There are no 
significant differences between the individual triplicates over the 4 hr period 
for all the treatment times tested. This demonstrates that the CFU counted after 
flow cytometry analysis were not affecting the numbers that would be counted 
if the samples were immediately pour plated after treatment.  
 
Fig 5.10: The effect of time between samples to be processed after plasma treatment on 
the number of L. innocua recovered.  
5.2.4 E. coli lipid compositional changes 
Because L. innocua had only a low percentage of UFAs in its plasma 
membrane it was decided to conduct further investigations with a Gram 
negative bacterium which was chosen because it contained an increased 
percentage of UFAs. E. coli was chosen because at different culturing 
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temperatures (37 and 17˚C) the UFAs were known to be significantly different 
allowing the role that these fatty acids play in the inactivation to be 
investigated (Morein et al., 1996). Table 5.4 shows the different lipid 
compositions of E. coli cultured at 37 and 17˚C. The extracted methyl fatty 
acids in Table 5.4 are from both the outer membrane and the inner plasma 
membrane. Previous reports have shown no significant difference between 
fatty acids compositions from the outer and inner plasma membranes (Morein 
et al., 1996). Cultivation at 37˚C shows a very low total percentage of UFAs 
(1.84 %) compared to 17˚C (37.43 %). There was a statistically significant 
difference in the proportion of all fatty acids in the cells grown at the two 
temperatures except for two: Methyl 2-hydroxy-tetradecanoic acid (C14:0 
2OH) and Methyl 3-hydroxy-tetradecanoic acid (C14:0 3OH). The shift from 
longer chained fatty acids to shorter ones for a decrease in temperature does 
not occur for this Gram negative organism. Instead, membrane fluidity is 
maintained by adjusting the proportions of UFAs and CFAs. Low temperature 
generates high UFAs and low CFAs and high temperature produces low UFAs 
and high CFAs. 
   % Total fatty acids  
Fatty Acid Methyl Ester  37˚C  17˚C 
C12:0 ***  2.75 1.29 
C13:0 ***  0.16 ND 
C14:0 ***  7.44 3.52 
C15:0 ***  1.11 ND 
C14:0 2OH  0.15 0.13 
C14:0 3OH  5.88 6.31 
C16:1 cis "9" ***  0.77 20.46 
C16:0 ***  47.94 39.59 
C17:0 Δ ***  20.83 9.01 
C17:0 ***  0.36 ND 
C18:1 cis "11" ***  1.07 16.97 
C18:0 **  0.28 0.44 
C19:0 Δ ***  4.90 0.35 
Others **  6.37 1.93 
ND, not detected 
** 0.01 significance 
*** 0.001 significance 
Table 5.4: E. coli lipid fatty acid compositions grown at two different temperatures. 
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The role of CFAs appears to be obscure, there is a high energetic cost to 
be paid for their generation, and therefore they must have beneficial roles for 
the bacteria (Grogan & Cronan 1997). CFAs have been previously shown to 
increase in concentration when bacteria are exposed to high incubation 
temperatures, low pH or high concentrations of Mg2+ ions (Grogan & Cronan 
1997). CFAs appear to be stable once generated and are resistant towards 
certain oxidising agents (Grogan & Cronan 1997). This taken with the fact that 
UFAs are more prone to oxidative attack would suggest that if lipids played a 
significant role in the inactivation mechanism then bacteria cultured at 37˚C 
would be more resistant to the plasma treatment compared to 17˚C cells.  
5.2.5 E. coli inactivation and Flow cytometry analysis 
To assess whether bacterial lipid composition significantly affected cell 
inactivation, E. coli cultured at the two different growth temperatures were 
subjected to treatment (figure 5.11) with the attenuated configuration used 
previously to treat L. innocua cells. The inactivation curves reveal that the 
17˚C cultured cells were slightly more resistant at all treatment times in 
comparison with the 37˚C cultured cells. The differences for all treatment 
times using one way ANOVA were statistically significant (P< 0.05). This 
result was the contrary to that which would have been expected if lipids played 
a significant role in the inactivation mechanism. The 17˚C cultured cells had 
the highest UFAs but were more resistant to the treatment, clearly confirming 
the previous results for listerial inactivation which is that the bacterial lipid 
composition does not play a significant role in the inactivation mechanism. 
This is not to say that the UFAs are not being oxidised by the treatment, but 
rather that this peroxidation, if occurring, is not a significant factor in bacterial 
inactivation. Differences in the genetic expression level appear a more likely 
cause for inactivation differences.  
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 Fig 5.11: E. coli attenuated air mesh inactivation curves for two different culturing 
temperatures. 
For the 37˚C cultured cells, the inactivation curve overlaps that of the 
L. innocua subjected to attenuated plasma treatment at both temperatures 
(figure 5.11). This suggests that the inactivation mechanism is not affected by 
the differences in wall structure. Flow cytometry analysis was used to assess 
whether differences existed at the cellular level. Figure 5.12 shows the control 
cells stained with SYTO13 and PI (a and b) and DiBAC4(3) and PI (c and d). 
Healthy controls are shown in figures 5-12 (a) and (c) and dead controls in 
figures (b) and (d). Due to the differences in envelope structure of E. coli 
compared to Listeria, the concentration of dyes and incubation times were 
modified to ensure they were working optimally. Typically, analysis 
conducted with E. coli usually involves permeabilising the outer membrane to 
allow better dye penetration. The outer membrane is also permeabilised to 
allow the use of dyes which are also impervious to it. To analyse plasma 
effects on the bacterial membrane, the outer membrane structure was not 
permeabilsed for analysis. Analysis of this type has been previously conducted 
using E. coli (Berney et al., 2006). cFDA analysis cannot be conducted 
because the outer membrane in impermeable to cDFA and therefore it cannot 
be used effectively with Gram negative bacteria.  
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 Fig 5.12: Flow cytometry density plots for healthy (a and c) and dead cell (b and d) 
controls of E. coli. (a and b) dual stained with SYTO13 and PI and (c and d) dual stained with 
DiBAC4(3) and PI. SYTO13 and DiBAC4(3) fluorescence is measured on the y axis and PI 
fluorecence is measured on the x axis. 
 
Figure 5.13 shows the analysis of plasma treated E. coli cultured at 37˚C 
(a – d) and 17˚C (e – f) dual stained with SYTO13 and PI. The mere 
processing of cells for plasma treatment appears to be enough to damage a 
small proportion of cells. For 37˚C cultured cells (figure 5.13 (a)), 0 s 
treatment showed a small percentage (1 %) of dead cells (lower right quadrant) 
and 4 % of cells that are dual staining. For 17˚C cultured cells (figure 5.13 (e)) 
4.4 % of the cells were dead (lower right quadrant). For 37˚C cultured cells 
(figure 5.13 (b)) 15 s treatment only produced a small percentage of dead 
bacteria (~5 %), this percentage of dead cells was consistently obtained for all 
replicates even though the inactivation data (CFU) suggest that of the starting 
population ~90 % are dead. Interestingly there is a large percentage (48.4 %) 
of cells that are dual stained with both SYTO13 and PI (upper right quadrant). 
The concentration of this dual stained population varied across the three 
samples for 15 s plasma treatment from 23-80 % (Appendix a figures A 2.8 
and 2.9) Increasing the treatment time to 30 s for 37˚C cultured cells (figure 
5.13 (c)) led to a small increase in the percentage of dead cells (lower right 
quadrant) from 5 % to 9.6 %. The other two 30 s treated samples (Appendix 2 
figures A 2.8 and 2.9) showed dead cell populations of ~11 %. There was a 
substantial decrease in viable bacteria (upper left quadrant) from 15 to 30 s 
and a large increase in the dual stained cell population (upper right quadrant). 
This high percentage of dual stained bacteria is unusual because not all 
bacteria in the sample are necessarily in the duplet state. A greater treatment 
time of 45 s (figure 5-13 (d)) shows a further increase in the dead cell 
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population to 38.7 %. The triplicate samples show the average percentages for 
the 45 s treatment cause a slight decrease in viable bacteria as well as the dual 
stained population. These results seem to suggest that plasma treatment firstly 
causes the bacteria to enter some intermediate state that can result in the cells 
dual staining with SYTO13 and PI before losing viability i.e. becoming only 
PI positive. This would suggest a different plasma inactivation mechanism 
when compared with Gram positive bacteria (L. innocua). A similar staining 
pattern also occurs for the 17˚C cultured cells when plasma treated. Initially, 
15 s treatments do not result in any more than the untreated cells (figure 5.13 
(f)). There was only a small increase (~3 %) in the dead cell population. This 
is consistent with the inactivation curve for 17˚C cultured cells which shows 
no log reductions after 15 s treatment.  A treatment time of 30 s (figure 5.13 
(g)) generated a similar dead cell population percentage to the 37˚C cultured 
bacteria (~11 %). The viable and dual stained populations however were 
similar to the 37˚C cultured cells treated for 15 s which may explain the 
differences between the inactivation curves. A similar proportion of dead cells 
were detected at both cultivation temperatures treated for 45 s (figure 5-13 (d 
and h)). There were also similar staining percentages for the viable and dual 
stained bacteria for the two culturing temperatures suggesting no significant 
difference at 45 s treatment.   
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Dual staining with DiBAC4(3) and PI was also analysed for E. coli 
cultured at the two different growth temperatures and plasma-treated (figure 
5.14 (a-h)). A previous study using DiBAC4(3) staining demonstrated that this 
dye was able to detect depolarised E. coli cells without the addition of extra 
chemicals to perturb the bacterial outer membrane (Berney et al., 2006). The 
results presented in figure 5-14 suggest that there is little depolarisation for 
any of the treatment times at either temperature, however there is evidence that 
the cells are being permeabilised. If the cells are becoming permeabilised one 
would expect that there would be a loss of ions from the cells, hence leading to 
depolarisation. The total percentages of PI positive cells (upper and lower right 
quadrants) for each of the treatments in figures 5.14 (a-h) appears to be the 
same as dead cells only stained with PI (lower right quadrant) in figure 5.13 
(a-h). The percentage of cells that are dual stained with PI and SYTO13 (upper 
right quadrant) in figure 5.13 (a-h) are not detected as PI positive in figure 
5.14 (a-h) This difference of total PI stained cells for the DiBAC4(3) and PI 
dual staining compared to SYTO13 and PI dual staining could be explained by 
the stain incubation times. For DiBAC4(3) and PI dual staining the bacterial 
cells are only incubated for 10 mins before analysis whereas the SYTO13 and 
PI dual staining were incubation for 25 mins prior to analysis for better dye 
penetration. This additional incubation time of 15 mins may have allowed 
small concentrations of PI to leak into cells that are only slightly damaged by 
the plasma treatment causing this dual staining effect (upper right quadrant, 
figure 5.13 (a-h). The PI concentration would have to be low because the high 
SYTO13 fluorescence suggests it is not all being quenched by PI. These 
slightly permeabilised cells may also be able to maintain enough polarisation 
to stop the DiBAC4(3) binding and fluorescing which is why low percentages 
of depolarisation are detected. The other two duplicates of E. coli dual stained 
with DiBAC4(3) an PI are shown in appendix 2 (figures A 2.10 and 2.11) may 
also be interfering with the way DiBAC4(3) interacts with the cells or affecting 
its fluorescence leading to an underestimation in the number of cells that are 
depolarised. This is because the percentage of depolarised cells (upper left and 
right quadrants) for all treatments in figure 5.14 are always a little over half 
the percentage of depolarised cells detected with DiBAC4(3) only staining 
(Appendix 2 figures A 2.12, 2.13 and 2.14). 
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To investigate possible reasons for the dual staining of plasma-treated E. 
coli samples SEM images were taken to assess whether there were any 
bacterial chains or undivided cells. Figure 5.15 shows SEM images for E. coli 
bacteria cultured at 17˚C. For all samples imaged there appears to be a mixture 
of short (~1.5 µm) and longer cells (~4 µm). This is probably due to the slower 
growth rate of the cells at 17˚C whereby the cells grow longer before dividing. 
The images also do not show any chains of bacteria or a substantial 
concentration of undivided cells that could explain the high percentages of 
dual stained cells. This is in contrast to L. innocua (Figure 5.8 and 5.9).  
 
Fig 5.15: Air mesh inactivation of E. coli cultured at two different growth 
temperatures.  
 
Cells of E. coli grown at 17 and 37˚C react differently to the effects of 
attenuated air mesh plasma treatment as reflected in the differences between 
the inactivation curves at these two temperatures. Air mesh plasma treatment 
was conducted without attenuating the treatment to test whether the bacterial 
differences were still detected when exposed to all the accumulated reactive 
gas species. Figure 5.16 shows the inactivation curve for air mesh plasma 
treatment of E. coli cells cultured at 37 or 17˚C. Interestingly the differences 
between the two culturing temperatures are no longer evident when the 
bacteria are exposed to all the plasma-inactivating gas species except for 20 s 
treatment where 37˚C appear more susceptible than the 17˚C similar to the 
previous attenuated plasma inactivation.  
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Fig 5.16: Air mesh inactivation of E. coli cultured at two different growth 
temperatures.  
5.3    Discussion 
Atmospheric plasma treatment has previously been shown to cause lipid 
peroxidation using a variety of different plasma systems. Joshi et al. (2011) 
recently demonstrated dose dependent peroxidation of E. coli lipids for their 
floating-electrode dielectric-barrier discharge. They proposed that ROS caused 
lipid peroxidation and this was the major mechanism for bacterial inactivation. 
The addition of ROS scavengers was capable of significantly reducing the 
amount of lipid peroxidation and DNA oxidation confirming the role ROS and 
lipid peroxidation play in inactivation. The peroxidation of lipids is an 
important factor to consider, particularly if plasma systems are to be designed 
for inactivation of bacteria on food products where it could lead to rancidity in 
the treated foods. Limited studies on the effects of plasma treatment on food 
products have been conducted. Recent studies have demonstrated inactivation 
of L. innocua on RTE meat using an indirect DBD with samples placed inside 
bags filled with 70 % Ar and 30 % O2. After plasma treatment lipid peroxides 
were detected in the food product. The levels of peroxidation were however 
lower than the values necessary to produce an off-flavour in meat (Rod et al., 
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2012). There have also been reports that the extent of lipid peroxidation is 
initially lower in the food product (bacon) than control samples but becomes 
greater for plasma-treated products after a prolonged storage of the product for 
7 days (Kim et al., 2011). 
 
As well as detecting lipid peroxidation Korachi et al. (2010) investigated 
whether plasma treatment induced any lipid compositional changes when 
bacteria were treated in a solution of sterile distilled water. The electrode 
configuration consisted of two tungsten electrodes; one above and one 
submerged in the bacterial solution being treated. The solution was constantly 
stirred during treatments to ensure all the bacteria were affected by the reactive 
species. These studies showed that no significant alteration in the bacterial 
lipid composition was detected either for Gram positive (S. aureus) or Gram 
negative (E. coli) bacteria. In this chapter investigations as to whether different 
lipid compositional changes before plasma treatment would affect bacterial 
susceptibility are reported. The air mesh plasma system used for bacterial 
inactivation is possibly dominated by ROS and RNS due to the composition of 
the atmosphere (O2 21 %) and N2 (78 %). Ozone was formed and detected by 
smell which further suggests the involvement of ROS (Stolarski, 2001). If 
membrane lipids were a potential target for these reactive species then UFAs 
are likely to be the more susceptible fatty acids. The fatty acid profiles 
detected for L. innocua were similar to those obtained in the literature for its 
pathogenic counterpart (L. monocytogenes) (Annous et al., 1997). The total 
UFAs content for L. innocua was low and there was no difference in UFA 
concentration temperatures. This suggests that membrane lipids for this 
particular species at the two temperatures do not play a key role in 
inactivation. Inactivation curves for the two temperatures of cultivation 
confirm this with identical inactivation curves being obtained for 30 and 45 s 
treatment. Differences between inactivation for 15 s treatments can be better 
explained by the flow cytometry analysis described in detail below. 
 
In order to completely eliminate membrane lipids as a target for plasma 
inactivation, a Gram negative species was chosen that contained a higher 
percentage of UFAs. E. coli has been previously shown to adjust the 
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percentage of its UFAs in order to survive at different growth temperatures 
(Morein et al., 1996). By growing the bacteria at two different temperatures 
(37 and 17˚C) it was possible to significantly change the percentage of UFAs 
present in the membranes before plasma treatment. The envelope structure of 
Gram negative species is such that the lipids contained in the outer membrane 
were more likely to be impacted by the reactive plasma gas species compared 
to the case for Gram positive species (L. innocua) that contain a thick 
peptidoglycan layer and no outer membrane. The high percentage (37.43 %) of 
UFAs for the 17˚C cultured bacteria would be more susceptible to plasma 
inactivation if membrane lipids were a key target for the reactive gas species. 
The 37˚C cultured bacteria would be more resistant if membrane lipids were 
the target due to the low percentage of UFAs (1.84 %). The results do not 
confirm this, with the 17˚C cultured cells being more resistant to the plasma 
treatment compared to those cultured at 37˚C. These results demonstrate that 
the reactive plasma gas species responsible for bacterial inactivation are not 
targeting the membrane lipids and that lipid peroxidation is not a significant 
factor in inactivation. Inactivation differences were possibly due to differences 
in the protein expression caused by growth at the different temperatures. 
Another possible reason could be due to differences in the polysaccharide 
structures of the LPS and/or capsule layers (Roberts, 1996; Caroff & Karibian 
2003).The reactive gas species from the attenuated plasma may be 
discriminating between any of these differences. Un-attenuated air mesh 
plasma treatment of E. coli revealed no significant differences between 
bacterial inactivation curves for cells cultured at the two temperatures. This 
data indicates that the differences between the bacteria are only detectable with 
the attenuated plasma treatment. The finding that there was no significant 
difference in inactivation at the two temperatures of cultivation would also 
appear to indicate that bacterial lipids are not a key target in bacterial 
inactivation. The results contradict those of Joshi et al. (2011) who appear to 
implicate lipid peroxidation as a major factor in the bacterial inactivation of E. 
coli. These differences probably exist because the plasma system used in their 
inactivation tests employed the sample as a floating ground electrode so the 
sample is in direct contact with the plasma discharge. In this chapter, the air 
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mesh system was an indirect treatment because the plasma never directly 
contacts the sample; it is contained between the powered electrode and a 
grounded steel mesh so the sample is only exposed to neutral reactive species.  
 
In addition to investigating differences in the starting lipid composition, 
flow cytometry was used to analyse bacterial cells after attenuated plasma 
treatment. This powerful analytical tool has been previously shown to be very 
useful at characterising the physiological state of bacterial cells as well as 
providing an understanding of how antimicrobial treatments affect bacteria 
(Nebe-von Caron et al., 1998, Joux & Lebaron 2000, Novo et al., 2000, Ritz et 
al., 2001, Hewitt & Nebe-Von-Caron 2001).  Individual cells can be analysed 
at thousands of cells per second making this technique very powerful because 
it allows high statistical resolution of a population in contrast to the limitations 
of conventional techniques. Dual staining and analysis with a flow cytometer 
has been shown to isolate a variety of different viability states (Nebe-von-
Caron et al., 2000). Several studies investigating plasma inactivation have 
demonstrated membrane permeabilisation using fluorescent stains such as the 
Baclight kit, however this has been used in conjunction with fluorescence 
microscopy to analyse treated samples and this will have a lower statistical 
resolution that will depend on the number of cells per image and the number of 
images per sample taken (Joaquin et al., 2009, Cooper et al., 2010, Joshi et al., 
2010, Xiong et al., 2011, Joshi et al., 2011, Kalghatgi et al., 2011). Flow 
cytometry analysis has previously been used by Gallagher et al. (2007) who 
used an air decontamination device that used a dielectric barrier grating 
discharge to decontaminate airborne E. coli.  Samples could be taken from 
both sides of the discharge to assess bacterial decontamination after every pass 
through the plasma discharge. Samples were analysed with SYBR Green I and 
PI for detection of both viable and compromised cells. An inactivation of ~5 
logs could be achieved for E. coli within 2.5 mins as detected by culturing 
methods. Flow cytometry revealed a consistent population of bacteria which 
showed a very low percentage (3 %) of cells with outer membrane damage (PI 
staining) for up to three passes through the plasma discharge. This indicates 
that the plasma treatment could either be generating viable but non-culturable 
bacteria, or the inactivation mechanism does not involve membrane 
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permeabilisation over the time scales used for the treatment and analysis. To 
contrast the absence of membrane damage, the same group has shown that 
plasma treatments of E. coli, S. aureus or Bacillus stratosphericus cells 
deposited on a surface using an air plasma system can cause membrane 
permeabilisation (Cooper et al., 2010, Joshi et al., 2010, Joshi et al., 2011). 
Cooper et al. (2009) demonstrated appreciable etching with their air plasma 
system when Deinococcus radiodurans was deposited and completely dried 
onto steel surfaces. 
 
Joshi et al. (2010) demonstrated bacterial inactivation of E. coli, 
S. aureus and three MRSA strains using a floating electrode dielectric barrier 
discharge that operated in atmospheric air. E. coli was more susceptible to 
treatments than S. aureus and <60 s was required to completely “sterilise” the 
samples. Direct plasma treatment was shown to be only slightly better than 
indirect treatment. It should be noted that indirect treatment for these tests is 
not the same as reported in this chapter. The indirect plasma treatment in their 
work involved treating a solution of PBS to which the bacteria were then 
added for the desired contact time. The similarities between bacterial 
inactivation for direct and indirect treatments in their study suggests that 
charged particles play either a minor or no role in inactivation. Indirect 
treatment was shown to cause permeabilisation in bacteria due to plasma 
treatment. Treatment of biofilms showed that E. coli was less susceptible in 
this state compared with S. aureus and the MRSA strains which were more 
susceptible. It was noted by the authors that PI staining showed similar 
patterns of inactivation to an XTT assay that was conducted to measure 
bacterial respiration. This suggests that membrane permeabilisation affected 
bacterial respiration by default due to an inability to maintain its ion gradients 
which is essential for respiration and energy production. Although direct 
plasma treatment showed a slightly more pronounced killing, both treatments 
inactivated all biofilms in <120 s. The MRSA strains were shown to be more 
resistant towards direct plasma treatment in their planktonic form requiring 
~150 s treatment compared to when the cells were present in a biofilms which 
required <120 s treatment. Cooper et al. (2010a) have demonstrated using the 
same plasma system that the XTT assay which measures respiration did not 
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correlate well with cell viability as detected using the BacLight kit for Bacillus 
stratosphericus inactivation. Viability as determined by BacLight staining was 
always higher than the percentage of respiring cells detected using the XTT 
assay. The percentage of viable cells for 120 s treatment was shown to 
decrease after a 24 hr period compared with samples analysed immediately 
with BacLight. This is in contrast to the XTT assay that detected low levels of 
respiring cells immediately after 120 s treatment but an increase after a 24 hr 
period. For 120 s plasma treatment no bacteria were detected using standard 
plate-count methods with incubation for up to 7 days which led to authors to 
conclude that viable but non culturable (VBNC) bacteria were being generated 
as a result of plasma treatment. An underestimation of the number of viable 
bacteria was also demonstrated in this chapter when using plate-counting 
which suggests that the attenuated air mesh treatment was also generating 
VBNC bacteria. Berney et al. (2006) demonstrated that recovery of sub-
lethally injured bacteria from treatment inactivation could be improved by 
plating out under anaerobic growth conditions. It is believed that bacterial 
growth in an aerobic environment causes ‘oxidative bursts’ that can hinder the 
cell recovery resulting in the treatment efficiency being over estimated. This 
study also revealed that UVA treatment of E. coli suspended in Evian water 
disrupted the respiratory chain causing a dramatic decrease in ATP levels. The 
loss of energy causes cessation of the transport pumps which then led to 
depolarisation of cells and finally ending in compromised bacterial 
membranes. These authors were able to link loss of bacterial culturability with 
membrane depolarisation for their study. To contrast this Nebe-von-Caron et 
al. (1998) have demonstrated that 37 % of Salmonella Typhimurium cells 
detected as depolarised were able to repolarise and grow when sorted onto 
Nutrient Agar plates. This suggests that depending on the bacteria, the stress 
applied and the culturing media, depolarised cells ought perhaps to be 
classified as sub-lethally injured because they have the potential to become re-
polarised and grow. Flow cytometry results in this chapter for attenuated 
plasma treatment of L. innocua indicate that the inactivating gas species are 
targeting proteins responsible for membrane polarisation and not membrane 
lipids. Once bacterial membranes have been depolarised the membrane 
becomes compromised. A difference in the depolarisation state of bacteria 
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before plasma treatment (0 s) showed that a significant portion of L. innocua 
cultured at 40˚C were depolarised. The bacteria grown at 40˚C was harvested 
and filtered for plasma treatment after 24 hrs growth. Harvesting at this time 
means that the bacteria were further into the stationary growth phase. The 
longer the bacteria are in the stationary phase of growth the greater the effects 
on viability (Hewitt et al., 1999). The large percentage of depolarised cells at 
0 s treatment resulted in a significant portion of the bacteria becoming 
compromised after 15 s treatment. Bacteria cultured at 7˚C were harvested and 
filtered earlier in the stationary phase compared to the 40˚C culture. This is 
possibly why a significantly lower percentage of bacteria were depolarised at 
0 s. This meant the first 15 s plasma treatment of 7˚C cultured bacteria resulted 
in some compromised cells but the majority of cells first became depolarised. 
Further treatment of the depolarised cells led to a significant percentage of 
compromised cells similar to the first 15 s treatment for 40˚C cultured cells. 
Joshi et al. (2011) measured depolarisation for E. coli treated using their direct 
air plasma arrangement. The same study also detected compromised 
membranes using PI but the samples were never analysed using flow 
cytometry with dual staining of the dyes. Because of this it is not clear whether 
their treatments caused depolarisation of the bacteria prior to the membranes 
becoming compromised as has been detected for experiments reported in this 
chapter. The bacteria could have become compromised by the plasma 
treatment which would have simultaneously depolarised the cells. 
 
Recently Fröhling et al. (2012) used flow cytometry to analyse E. coli 
and L. innocua plasma treated with a non thermal plasma jet (NTPJ), RF 
powered (27 MHz) with Argon as the discharge gas. The authors used thiazole 
orange (TO) and PI dual staining as well as cFDA and PI dual staining to 
analyse treated samples. TO binds to the DNA of healthy cells and PI can only 
bind to the DNA of cells with compromised membranes. This is similar to the 
experiments in this chapter except that SYTO13 was used to identify healthy 
cells instead of TO. The bacterial starting concentration employed by these 
workers was ~1x108 CFU for all treatments, a slightly greater concentration 
than that used for experiments described in this chapter. Three power levels 
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were used for inactivation tests (10, 20 and 40 W). For 10 W treatments 
L. innocua was found to be more susceptible than E. coli but at this power the 
treatment resulted in less than 1 log reduction over 4 mins treatment for both 
strains.  Reversed susceptibilities was observed for 20 W treatment with >6 
log reductions being achieved in 4 mins for both strains. For 40 W treatments 
L. innocua was more susceptible than E. coli with >6 log reductions being 
achieved in 1.5 and 2 mins respectively. For E. coli a low percentage of cells 
were stained with TO even for un-treated samples (~40 %) and there was a 
high percentage of events that were not stained with both PI and TO (~40 %) 
this suggests that there is either high background noise or the TO stain is not 
penetrating the E. coli membrane to identify healthy cells for the staining 
conditions used. Similar staining was observed in this chapter for E. coli 
healthy control samples dual stained with SYTO13 and PI. Increased 
percentages of healthy cells were observed for all power conditions for the 
first 30 s treatment. This suggests the low percentage of healthy stained cells 
was due to the lack of TO penetration and plasma treatment damaged the outer 
membrane allowing improved TO staining. For 10 W treatment the staining of 
healthy cells with TO continued to increase over the entire 4 mins treatment 
times. Typically, the outer membrane of Gram negative species is 
permeabilised before staining and analysis. The increase in fluorescence for 
stained healthy cells has previously been reported when E. coli cells were 
treated with a low dose of UVA and flow analysis of cells was conducted 
without permeabilising the outer membrane (Berney et al., 2006). In 
comparison the number of healthy stained cells of L. innocua was much higher 
for untreated samples (~80 %) because of the differences between the 
membrane structures and dye penetration. For both species 40 W treatment for 
2 mins caused >6 log reductions but only ~45 and ~25 % PI staining for E. coli 
and L. innocua respectively. This suggests that ~5x107 of the 1x108 CFU 
E. coli cells were permeabilsed even though 6 logs were inactivated indicating 
that treatments may be generating VBNC bacteria. The percentage of 
unstained cells for 40 W treatment of L. innocua increased over the 2 mins 
treatment time suggesting that this bacterium was being physically disrupted 
and yielding cellular debris with no DNA or RNA that would take up a stain. 
The unstained percentage of E. coli cells showed a decrease over all treatment 
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times suggesting no degradation of cells was occurring. Dual stained bacteria 
were shown to increase for plasma treated L. innocua. For 10 and 40 W 
treatment the dual staining increased to ~30 % which then decreased to plateau 
out at ~20 %. The authors suggest that dual staining is due to cells that are 
only slightly permeabilised. SEM images presented in this chapter for 
L. innocua plasma treated cells suggest dual staining is due to undivided cells 
with one cell viable and one compromised. For E. coli treated cells there were 
no duplet or chains of bacteria. This suggests differences between the 
inactivation mechanisms for E. coli and L. innocua. The staining patterns 
observed for E. coli treatments have been previously reported upon in the 
literature for the study of bacteria in aquatic environments (Gregori et al., 
2003). These authors referred to these dual stained populations as cells with 
damaged membranes and suggested that PI was only partially quenching the 
SYBR green fluorescence. Interestingly Fröhling et al. (2012) showed that 
plasma treatment of E. coli decreased dual staining from ~20 % down to 5 % 
for 40 W treatments. This is in contrast to the dual staining observed for 
plasma inactivation of E. coli reported in this chapter where it seems bacteria 
become dual stained before being fully compromised. This suggests that 
partial membrane damage as described by Frohling et al. (2012) may best 
describe the state of the dual stained E. coli cells observed in this chapter. 
Another possibility is that the attenuated air mesh plasma treatment is inducing 
a different stress response in the E. coli cells. Disturbance of septation and 
irregular division of E. coli cells has been shown after 3 days of nutrient 
starvation with TEM (Markova et al., 2010). Irregular cell division if induced 
by attenuated plasma treatment could be an alternative explanation instead of 
partial fluorescence quenching. Joshi et al. (2011) observed morphological 
changes in E. coli after direct plasma treatment with an air plasma system from 
a typical bacillus shape into a coccoid form. It has also been demonstrated that 
oxidative stress in Gram negative species can also result in a change from the 
bacillary form to the coccoid form (Nakamura et al., 2000, Zeng et al., 2008). 
Oxidative stress from ROS generated by the attenuated plasma treatment could 
potentially initiate this morphological change that results in the unusual dual 
staining of E. coli treated cells.    
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5.4    Conclusions 
Both Gram negative (E. coli) and Gram positive (L. innocua) species 
were used for experiments in this chapter. Both species were cultured at two 
different growth temperatures to bring about differences in the membrane 
composition. Analysis of the inactivation results demonstrated that the 
compositions of membrane lipids are not an important target for attenuated air 
mesh reactive gas species. Plasma reactive species are possibly targeting 
proteins present in the bacterial membrane which is indicated by 
depolarisation of L. innocua cells prior to the membranes becoming 
compromised. The observed differences in inactivation curves for E. coli 
cultured at different growth temperatures was possibly due to altered protein 
expression or differences in the polysaccharide structures of the LPS and/or 
capsule layers. Differences between the bacterial membrane structures of the 
Gram positive (L. innocua) and Gram negative (E. coli) organisms have shown 
differential staining with flow cytometry dyes suggesting different inactivation 
mechanisms between Gram positive and Gram negative bacteria.  
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6. Plasma effects on bacterial antibiotic 
resistance 
6.1    Introduction 
The use of antibiotics to fight infectious diseases was first introduced in 
the early 1940s and transformed medicine (Shama, 2009). Antibiotic 
resistance was believed to be a relatively modern phenomenon arising from 
selective pressure imposed on bacterial populations, but a recent study has 
shown that antibiotic resistance is actually a natural process that predates the 
use of antibiotics by 30000 years (D' Costa et al., 2011). Selective pressure 
exerted by the increasing use-and misuse-of antibiotics has accelerated levels 
of bacterial resistance. Bacterial species primarily associated with humans 
develop resistance to antimicrobials through their use in disease control. 
Foodborne pathogens associated with animals become more resistant to 
antimicrobials because these are used as growth promoters as well as for the 
treatment of disease (Aarestrup & Wegener 1999). It has been estimated that 
the selective pressure exerted on foodborne bacteria is more than doubled due 
to the additional exposure to antibiotics as animal growth promoters (van den 
Bogaard, 1997). The ability of bacteria to transfer resistance genes between 
species also allows bacteria primarily associated with food to pass resistance 
on to human pathogens that would otherwise be susceptible (Koonin et al., 
2001). It was estimated that approximately 25000 patients in the European 
Union die from infections caused by antibiotic-resistant bacteria. In addition, 
infections due to any of the selected antibiotic-resistant bacteria resulted in 
approximately 2.5 million extra hospital days due to treatment failures and 
extra in-hospital costs of more than 900 million Euros (ECDC/EMEA, 2009). 
This is becoming much more frequent as some bacterial strains have multi-
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antibiotic resistance which is classified as resistance to four or more different 
antibiotics.   
 
Treatments of Gram positive bacteria with the plasma air mesh described 
in Chapter 5 caused depolarisation of L. innocua membranes before they 
become compromised. This suggests that the air mesh plasma gas species 
might be targeting membrane proteins associated with bacterial energy 
production i.e. the electron transport proteins or the ion pumps that maintain 
the bacterial charge by controlling key ion gradients. Resistance mechanisms 
for some antibiotics are located on the membrane (i.e. efflux pumps), enzymes 
or altered proteins with less affinity for the antibiotic. In this chapter 
experiments are described in which attenuated plasma treatment was applied to 
MRSA strains to establish whether bacterial resistance mechanisms for a 
variety of different antibiotics were affected. MRSA strains were used for 
these tests because of the low levels of resistance in listerial species. MRSA 
are also Gram positive, have resistance to multiple antibiotics, and the 
resistance mechanisms have been extensively studied and elucidated. Bacteria 
were pre-treated with plasma then exposed to a variety of antibiotics which 
target different bacterial components such as the cell wall, ribosomes or DNA 
gyrases to which the MRSA strains had developed resistances.    
6.2    Results 
6.2.1 MRSA air mesh inactivation 
The inactivation of MRSA 252 with the air mesh plasma system is 
shown in figure 6.1. The initial log reduction is very similar to L. innocua 
(figure 3-18) but MRSA is shown to be slightly more susceptible to treatment 
times greater than 5 s.  
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Fig 6.1: Plasma air mesh inactivation curve for MRSA 252.  
 
In order to assess whether plasma pre treatment of bacteria affects their 
resistance to different antibiotics, the plasma treatment should only partially 
inactivate the bacteria. This is to ensure that a high number of bacteria survive 
the treatment to produce a bacterial lawn for the subsequent antibiotic tests. 
The bacterial concentration after 5 s air mesh plasma treatment (figure 6.1) 
was found to be too low to form a good bacterial lawn for antibiotic tests. A 
bacterial concentration of ~5,000 to 10, 000 CFU per plate was considered 
sufficient for antibiotic tests; this equates to a concentration of 0.5 to 1x106 
CFU/ filter. An attenuated air mesh plasma treatment was applied in order to 
ensure that a sufficient number of bacteria remained viable after plasma pre-
treatment. Attenuated air mesh plasma inactivation for four different MRSA 
strains are shown in figure 6.2. The attenuation reduces the inactivation to 
<1.5 logs over 30 s thus ensuring enough bacteria for subsequent antibiotic 
tests. The strains used here comprised two EMRSA-16 clones (252 and PM 
64), one EMRSA-15 clone (PM 25) and a clinical strain (UR1). For the 
attenuated inactivation there were slight differences between the four strains in 
their susceptibility to plasma. Over the first 10 s the most susceptible was PM 
25 followed by PM 64, 252 and finally UR1. A total treatment time of 30 s 
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changed the order with PM 64 becoming most susceptible followed by PM 25, 
UR1 and finally 252.  
 
Fig 6.1: Attenuated air mesh inactivation of different MRSA strains. 
6.2.2 Air plasma affects on bacterial antibiotic resistance. 
Eight different antibiotics were chosen that act on different bacterial 
targets. The antibiotics target cell wall formation and growth, protein 
translation (Ribosomes), DNA coiling (Gyrases or Topoisomerases) or 
enzymes important for the generation of Thymidine Triphosphate (one of five 
nucleotide bases important for DNA synthesis). Antibiotics and their bacterial 
targets used for tests are shown in table 6.1. 
Bacterial targets Antibiotic 
Cell wall Ampicillin 
Oxacillin 
Protein translation 
Chloramphenicol
Kanamycin 
Tetracycline 
DNA coiling Ciprofloxacin 
Norfloxacin 
Thymidine 
Triphosphate synthesis Trimethoprim 
Table 6.1: Bacterial targets of antibiotics used for experiments. 
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All strains were resistant to the β-lactam antibiotics (cell wall) and 
fluoroquinolones (DNA coiling), but there were some differences amongst 
them in relation to the antibiotics that target protein translation and enzymes 
important for the generation of Thymidine Triphosphate; all strains were 
sensitive to Tetracycline.  
 
Bacterial concentrations used for determining a minimum inhibitory 
concentration (MIC) are standardised to give a consistent reading, this is 
because the starting concentration can in some cases affect the MIC readings 
(Andrews, 2001). Because plasma pre-treatment inactivates and sub-lethally 
injures a percentage of the population, it is important that antibiotic tests 
without plasma pre-treatment should match those concentrations of viable 
bacteria after plasma treatment. In order to closely match the concentration of 
bacteria spread onto agar for antibiotic tests, plasma treated samples were 
conducted first to determine the concentrations of viable cells surviving 
treatment. Experiments were then conducted without plasma treatment once 
the bacterial concentrations had been determined. Resuspended bacteria from 
membrane filters were diluted in PBS to match the concentration of bacteria 
that remained viable after plasma treatment and these were then spread on agar 
and treated with antibiotic test strips. A comparison of MIC for bacteria with 
or without plasma pre-treatment is shown in figure 6.3. Figure 6.3 (a) shows 
the inhibitory effects of Ampicillin on a bacterial lawn spread over an agar 
surface once the concentration has been corrected and cultured for 24 hrs. 
Figure 6.3 (b) shows an enlarged area of figure 6.3 (a) and shows that the MIC 
was ~16 µg/ml. Figure 6.3 (c and d) show the zones of inhibition after the 
bacteria have been pre-treated for 30 s with the attenuated plasma system. The 
two results vary slightly but the differences are not significant. MIC values of 
12 and 16 µg/ml were measured for plasma pre-treated samples which are 
similar to the untreated samples. This suggests that the plasma pre-treatment 
was not acting synergistically alongside the antibiotics to provide additional 
inhibitory effects. 
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Fig 6.3: Antibiotic treatment of a lawn of MRSA PM 64 with Ampicillin. (a) Without 
plasma pre treatment; (b) enlarged image of (a) to determine MIC; (c) 30 s plasma pre-treated 
MIC and (d) 30 s plasma pre-treated duplicate for MIC. 
 
The use of the eight antibiotics did not reveal any discernable differences 
in MIC values between samples either with or without plasma pre-treatment 
for MRSA strains 252, UR1 and PM 25 (Appendix 3 figures A 3.1, 3.2 and 
3.3) For MRSA PM 64, pre-treatment with plasma did reveal some positive 
effects. No differences were observed for the MIC values for Ampicillin, 
Ciprofloxacin, Norfloxacin, Chloramphenicol and Tetracycline, but 
differences were observed for Kanamycin, Oxacillin and Trimethoprim as 
shown in figure 6.4. It appears anomalous that Oxacillin resistance was 
affected for PM 64 but Ampicillin (another β-lactam antibiotic) was not 
(figure 6.3). 
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Figure 6.4 shows that PM 64 has a high level of resistance to the three 
antibiotics, Kanamycin, Oxacillin and Trimethoprim; the bacteria can grow at 
concentrations of 256 and 32 µg/ ml for Kanamycin and Trimethoprim (these 
represent the highest concentration available on these strips) and ~128 µg/ ml 
for Oxacillin without plasma pre-treatment (Column 1). For the antibiotic 
treatments on bacteria that did not receive plasma pre-treatment (Column 1), 
the bacterial concentration that was spread on the agar was matched with the 
viable bacteria that survived 30 s plasma pre-treatment (Column 3). Bacteria 
that received 10 s plasma pre-treatment (Column 2) have a greater 
concentration of bacteria per plate due to the reduced inactivation. Focusing on 
bacteria that were not pre-treated with plasma (Column 1) for Kanamycin and 
Trimethoprim, only an indistinct elliptical zone of inhibition is evident. For 
Oxacillin there is no hint of a clearance zone at all. For these antibiotics it 
seems to suggest that although the bacteria have resistance to the high 
concentrations, the antibiotic is exerting some effect on growth on the plate. 
Pre-treatment of 10 s (Column 2) is sufficient time for an elliptical zone of 
inhibition to become evident for both Kanamycin and Trimethoprim treatment, 
a small clearing is also visible for Oxacillin treatments. Increasing the plasma 
pre treatment time to 30 s (Column 3) causes an increased effect with the 
elliptical shape becoming more readily visible. The number of colonies inside 
the zone of inhibition is also significantly reduced compared with 10 s or no 
plasma pre-treatment. This seems to suggest that the plasma gas species are 
capable of interfering with the bacteria or sub-lethally injuring them rendering 
cells susceptible once again to the concentrations that they could once grow at. 
The effects with Oxacillin is less marked compared to these two antibiotics, 
but there is nonetheless still an effect with the MIC dropping from ~128 µg/ 
ml for no pre-treatment (Column 1) down to ~8 µg/ml for 30 s treatment 
(Column 3). Interestingly, the plasma pre-treatment affects the resistance for 
three antibiotics which have completely different targets for their inactivation. 
Kanamycin targets the ribosomes found in the cytoplasm of the bacteria, 
Oxacillin targets the cell wall growth by inhibiting the cross linkage between 
peptidoglycan, and Trimethoprim inhibits the Dihydrofolate Reductase 
enzyme preventing the synthesis of Tetrahydrofolic acid an important 
precursor for Thymidine triphosphate (One of the four DNA bases).  
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Fig 6.4: The effects of plasma pre-treatment on antibiotic susceptibility of MRSA PM 
64. The plates in column 1 were not pre-treated with plasma. Those in column 2 were pre-
treated for 10 s and column 3 for 30 s. Each antibiotic was conducted in duplicate. 
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6.2.3 Growth medium effects on air mesh inactivation and antibiotic 
resistance. 
S. aureus has been shown to be very successful at colonising a variety of 
different surfaces ranging from catheters and medical equipment to human 
skin and other body sites and even animals. The environmental factors that S. 
aureus strains are subject to can significantly affect their virulence, and their 
ability to colonise and form biofilms (Johnson et al., 2011). Environmental 
factors such as anaerobic growth, osmotic stress, antibiotics and the 
availability of key nutrients, ions and metals have been known to influence 
biofilm formation (Johnson et al., 2005). The availability of key nutrients, ions 
and metals is a key challenge facing bacteria when they colonise the 
environment. Severe iron restriction has been shown to increase the ability of 
MRSA to form biofilms by altering the bacterial physiology (Johnson et al., 
2008). Experiments were conducted to see if iron-restricted medium would 
affect attenuated plasma inactivation and subsequent antibiotic treatments. 
Figure 6.5 shows the inactivation curves for MRSA PM 64 (dashed lines) and 
PM 25 (solid lines) cultured in iron-restricted RPMI medium (Red symbols) or 
TSB a nutrient rich medium (Black symbols). For both strains the bacterial 
starting concentration for the iron-restricted RPMI medium was lower than 
that of the nutrient rich medium. This is because the iron-restricted RPMI 
medium limited the maximum growth at stationary phase. Growth in iron-
restricted RPMI medium was shown to make both strains more resistant to the 
effects of plasma treatment over 30 s treatment. The differences in inactivation 
between bacteria cultured in iron-restricted RPMI and TSB medium for 30 s 
treatment was significant for both PM 25 and PM 64 (P<0.05). 
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Fig 6.5: Attenuated inactivation comparison for MRSA PM 64 (dashed lines) and PM 
25 (solid lines) cultured in Defined medium (Red symbols) or TSB (Black symbols). 
 
The defined RPMI medium was treated to chelate all the metal ions in 
the medium then supplemented with 10% of non-chelated RPMI medium to 
restrict bacterial access to key metal ions during growth. The agar support 
used for both strains cultured in the defined iron-restricted medium was an 
agar that contained very low ion and mineral impurities. When both strains 
were cultured in the rich nutrient broth they were supported on standard 
laboratory agar that contained relatively high levels of minerals and ions. To 
assess whether the agar support had caused or contributed to the inactivation 
differences in figure 6.5 both strains were treated on an agar support that 
contained low levels of minerals and ions. Figure 6.6 is a comparison of the 
differences between the two different agar supports for both MRSA strains 
cultured in TSB. PM 25 (solid lines) shows some differences for the first 10 s 
treatment, but over the total treatment time of 30 s, the inactivation for both 
strains were similar for two agar supports. This indicates that the agar is not 
contributing to the inactivation differences between defined and rich nutrient 
growth medium shown in figure 6.5.  
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Fig 6.6: Attenuated inactivation comparison for MRSA PM 64 (dashed lines) and PM 
25 (solid lines) cultured in nutrient rich medium (TSB) for bacterial membranes supported on 
high ion agar (Black symbols) or low ion agar (Green symbols).  
 
The reductions in viability between the two different MRSA strains 
cultured in iron-restricted RPMI medium and rich nutrient TSB medium where 
the bacteria were supported on both high and low ion agars are shown in table 
6.2. These reductions show the similarities observed for the two MRSA strains 
cultured in rich TSB medium on both high and low ion agar supports. PM 64 
shows a 1 log difference between the iron-restricted RPMI medium and the 
rich TSB medium after 30 s treatment, the defined medium was more resistant 
to inactivation. PM 25 showed similar differences between the two growth 
medium. A log reduction of 0.05 for iron-restricted RPMI medium compared 
to a 1.12 log reduction for rich TSB medium represents a log difference of 
1.07, a similar difference to the PM 64. 
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a same lower case letter indicates no significant difference for culturing grow medium (P<0.05) 
A same upper case letter indicates no significant difference between agar support media (P<0.05) 
Table 6.2: Log reduction comparisons for the attenuated air mesh inactivation of 
MRSA PM 64 cultured in defined medium or TSB and supported on either a high ion 
containing agar or a low ion containing agar during plasma inactivation. 
 
The effects of antibiotics on PM 64 bacteria cultured with iron-restricted 
RPMI medium and treated for 30 s with the attenuated air plasma system are 
seen in figure 6.7. The repeat of this experiment is shown in appendix 3 figure 
A 3.4 and showed the same results as figure 6.7. PM 64 cultured in iron-
restricted RPMI medium was inactivated by ~0.5 log after 30 s treatment 
(table 6.2), this log reduction was significantly less than 30 s treatment of rich 
(TSB) cultured cells. In addition to the reduced log reduction the subsequent 
antibiotic treatment was also affected. The increased antibiotics susceptibilities 
previously observed for plasma-treated cells cultured in rich medium (TSB) 
(figure 6.4) were no longer observed under iron restriction RPMI modified 
medium) (figure 6.7). A log reduction of ~0.5 was observed for rich (TSB) 
cultured cells treated for 10 s. Even for this short treatment time the 
appearance of an elliptical zone inhibition was indicative that bacteria had 
become antibiotic sensitive. This suggests that the physiological differences in 
the bacteria cultured in the iron-restricted RPMI medium not only induced 
greater resistance to the air mesh treatment but also maintained antibiotic 
resistance. 
 
Chapter 6: Plasma effects on bacterial antibiotic resistance 
 
 
-218- 
 
 
Fig 6.7:  The effects of plasma pre-treatment on antibiotic susceptibility of MRSA PM 
64 cultured in iron-restricted RPMI medium. The plates in column 1 were not pre-treated with 
plasma. Those in column 2 were pre-treated for 30 s.  
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6.3    Discussion 
The results presented in this chapter show that multi-antibiotic resistant 
strains of MRSA have a similar susceptibilities to air mesh plasma inactivation 
as that of L. innocua. The experiments reported in this chapter constituted 
investigations into whether attenuated plasma treatments, might disrupt or 
otherwise interfere with the resistance mechanisms of these multi-antibiotic 
resistant strains. The hope being that any positive results might provide clues 
to the targets the plasma was affecting. 
 
MRSA was chosen due to the low antibiotic resistance levels in listerial 
species. The MRSA strains had multi-antibiotic resistances to several different 
types of antibiotics, and because they are also Gram positive they have a 
similar wall structure to listerial species. The strains used for experiments were 
MRSA 252, UR1, PM 64 and PM 25. MRSA 252 was the best categorised 
strain of the four with its complete genome sequence mapped (Holden et al., 
2004). The genes conferring resistance have, in separate studies, been tested to 
identify how they cause resistance to the corresponding antibiotic (Byrne et 
al., 1991, Gennimata et al., 1996, Hooper 2000, Fuda et al., 2005).  
 
Because the highly reactive nature of the plasma gas species, resistance 
mechanisms close to, or at, the membrane or cell wall were thought most 
likely to be affected by the plasma treatment as it seemed unlikely that the 
species in question would reach other potential targets more remote from the 
cell wall. The flow cytometry results of chapter 5 suggested membrane 
proteins were a potential target for bacterial inactivation in Gram positive 
species. Antibiotic resistance mechanisms that could possibly be affected were 
ones targeting the cell wall. One of the resistance mechanisms to the 
antibiotics (Ampicillin and Oxacillin) involve the production of enzymes (β-
Lactamases) that can cleave the β-Lactam ring thereby preventing it binding to 
the Penicillin binding proteins (PBPs) (Livermore, 1995). For Oxacillin, which 
is more resistant to this form of cleavage, resistance occurs because possession 
by the cells of a PBP – PBP2a – that has a lower affinity for the β-Lactam 
antibiotics compared to native PBPs (Lim & Strynadka 2002). This enables 
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transpeptidase activity to continue, allowing cell wall synthesis at higher doses 
of the antibiotic. However, other PBPs are still needed for normal cell wall 
function because they also have a transglycosylation domain; PBP2a does not 
confer this function. Plasma disruption or inactivation of key proteins could 
affect the antibiotic resistance of the bacteria. Another antibiotic mechanism 
that may be disrupted by plasma treatment is that which operates against the 
fluoroquinolones (Ciprofloxacin and Norfloxacin). Fluoroquinolone resistance 
develops as a result of mutations in the target of the antibiotic (topoisomerase 
IV or DNA gyrase) or by the induction of a multidrug efflux pump (Xia et al., 
2010). Mutations to antibiotic targets that sterically hinder or reduce its 
binding affinity are not likely to be effected by plasma treatment because the 
proteins are located in the cytoplasm. The efflux pumps however require 
energy in the form of ATP in order to remove antibiotics from the cell against 
the concentration gradient. If MRSA cells become depolarised by plasma 
treatment as did the listerial cells in chapter 5, then these pumps would fail to 
operate causing the bacteria that use efflux as a resistance mechanism to 
become more susceptible to the antibiotics again. The antibiotic targets for 
Kanamycin and Trimethoprim and the mechanisms in which they confer 
resistance are not associated with the cell envelope so are less likely to be 
impacted by the plasma gas species. 
 
The results obtained here showed some differences in the level of 
resistance between the four MRSA strains and the antibiotics tested following 
plasma treatment. There were no significant differences between MIC values 
for cells pre-treated with plasma except for MRSA PM 64. This strain showed 
high levels of resistance for all antibiotics except Chloramphenicol and 
Tetracycline. Resistance to these bacteriostatic antibiotics was unaffected by 
plasma pre-treatment. However, significant differences in the resistance of PM 
64 were observed for Kanamycin, Oxacillin and Trimethoprim after bacteria 
had been pre-treated with plasma. These three antibiotics had completely 
different targets both within the cytoplasm and at the cell wall of the bacteria. 
Recent findings in the literature may help to explain how it is that antibiotic 
resistance is reduced by plasma treatment. Results have shown that there is a 
common mechanism of death for both Gram negative and positive bacteria 
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resulting from exposure to bactericidal antibiotics that centres on ROS. 
Bacteriostatic antibiotics have been shown not to lead to an intra-cellular 
increase in ROS exposure which may explain why plasma pre-treatment had 
no effects on the MIC values for these antibiotics. Bactericidal antibiotics 
however, have been shown to generate ROS upon binding to their target, 
resulting ultimately in the production of lethal hydroxyl radicals (OH.) 
(Kohanski et al., 2007). The conclusions from this study were that both Gram 
negative and positive species treated with biocidal antibiotics such as β-
Lactams, fluoroquinolones and aminogylcosides all succumbed to an identical 
method of inactivation i.e. brought about by OH. radical accumulation. This 
involved tricarboxylic acid (TCA) cycle metabolism and a transient depletion 
of NADH in addition to iron–sulphur cluster destabilization and iron 
misregulation. β-Lactams and fluoroquinolones were also shown to initiate the 
DNA damage response system (SOS response). Although the study mainly 
focused on Gram negative bacteria, it has been shown that S. aureus also 
activates an SOS response after treatment with fluoroquinolones (Cirz et al., 
2007). Another study focusing on the effects of fluoroquinolones showed that 
the binding of the antibiotic is important for the generation of OH. radicals. A 
mutation in the genes encoding the gyrase or topoisomerse proteins fails to 
bind the antibiotic and does not result in an increase the concentration of OH. 
radicals (Dwyer et al., 2007). The antibiotic susceptibility to Fluoroquinolones 
was not affected after plasma pre-treatment. This is most probably because the 
resistance mechanism for the bacteria stopped the antibiotics from binding and 
subsequently increasing the ROS to a level that would have overwhelmed the 
bacteria. Plasma pre-treatment could possibly be stressing the cells with ROS 
which then subsequently requires a reduced antibiotic concentration to induce 
the ROS needed to kill the bacteria.  
 
The mechanism for Kanamycin resistance involves Kanamycin 
nucleotidyltransferase, an enzyme that transfers a nucleotide monophosphate 
residue on to the 4’-hydroxyl group on Kanamycin. The nucleotide 
monophosphate comes from Adenosine triphosphate (ATP) which is the 
energy currency molecule of cells. Plasma damage to proteins responsible for 
energy production or ion gradients that enable energy production, could affect 
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cellular ATP levels which would in turn affect the enzyme’s ability to 
inactivate Kanamycin. The plasma pre-treatment could also be directly 
affecting Kanamycin nucleotidyltransferase. Previous accounts involving the 
use of alternate plasma systems have reported damage to the enzymes of 
E. coli during treatments (Kim & Kim 2006). For UR1 and PM 25 the MIC for 
Kanamycin is already low suggesting no significant level of resistance. Once 
the Kanamycin can bind to the ribosomes it induces mistranslation of proteins, 
translocation of these damaged proteins has been shown to affect the 
membrane potential of the bacteria increasing the depolarisation of the cell 
that can stimulate ROS generation leading to cell death (Kohanski et al., 
2008). Previous results have also demonstrated that aminogylcosides can 
interact with the TCA cycle and that this can result in the release of ROS 
(Kohanski et al., 2007). Attenuated air mesh plasma treatment has been shown 
in chapter 5 to affect the depolarisation state of Gram positive bacteria, these 
effects could help increase the production of ROS leading to a lower 
Kanamycin concentration to kill the bacteria. These Kanamycin-treated 
samples still showed growth of some bacteria inside the elliptical zone of 
inhibition at high antibiotic concentration after 30 s plasma treatments. This 
suggests that the plasma pre-treatment did not affect the Kanamycin 
nucleotidyltransferase in all the bacteria or the resulting ROS stress caused by 
plasma pre-treatment and Kanamycin binding was selecting for a 
heterogeneous population of cells with slight mutational advantages enabling 
them to survive this level of ROS (Girgis et al., 2009). Another possibility is 
the presence of “persisters” (Kussell et al., 2005). 
 
The increased susceptibility of PM 64 to high levels of Oxacillin after 
plasma pre-treatment is most probably caused by an increase in ROS 
experienced by the bacteria. Unlike the Fluoroquinolones, Oxacillin can still 
bind to the PBPs that are required for their transglycosylation domain which 
PBP2a does not possess. The binding of Oxacillin will increase the level of 
ROS in the cell (Kohanski et al., 2007). The resistant bacteria appear to cope 
with this stress as indicated by the bacterial growth in the absence of plasma 
pre-treatment (figure 6.4 column 1). The ROS species encountered by the 
plasma pre-treated bacteria combined with the ROS generated as a result of the 
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antibiotic binding could reach a level at which they overwhelm the cells’ 
natural defences causing the bacteria to become sensitive to lower antibiotic 
concentrations. Interestingly, PM 64 did not show differences in antibiotic 
resistance to Ampicillin that targets the same proteins as Oxacillin. The 
explanation for this might lie in the mode of action of the β-Lactamase 
enzymes that cleave the β-Lactam ring of the antibiotic. Oxacillin is resistant 
to β-Lactamases so cannot be cleaved, whereas Ampicillin is susceptible. β-
Lactamases have been shown to be up-regulated in response to the detection of 
β-Lactam antibiotics in the environment, therefore the plasma-damaging gas 
species would not have encountered these proteins so as to be able to effect 
them (Cohen & Sweeney 1968). This means that the β-Lactamases are up-
regulated after plasma pre-treatment in response to Ampicillin cleaving the 
antibiotic to prevent it binding to the PBPs. If Ampicillin cannot bind to the 
PBPs then it will not stimulate an increase in the ROS to a level at which they 
overwhelm the cells’ natural defences causing the bacteria to become sensitive 
to lower antibiotic concentrations.  
 
The effects on Trimethoprim were unexpected as this antibiotic is known 
to be bacteriostatic and targets the metabolism of precursor compounds that 
synthesize nucleotide bases. The antibiotic competitively inhibits 
Dihydrofolate Reductase (DHFR). Resistance mechanisms for this antibiotic 
are most commonly DNA mutations in the enzyme (DHFR) that render it no 
longer capable of binding, or doing so with significantly less affinity for, 
Trimethoprim compared to the true substrate, dihydrofolic acid (Skold, 2001). 
Trimethoprim treatment has however been shown to induce the DNA SOS 
response (Goerke et al., 2006). This suggests that the antibiotic is also 
stimulating some cellular generation of ROS. For the plasma pre-treatment to 
affect this resistance mechanism, the plasma-inactivating gas species could be 
damaging the DHFR enzyme and acting similarly to Trimethoprim reducing 
the resistance of bacteria to that similar to susceptible bacteria such as MRSA 
252 and UR1. Another possible indirect way the plasma could be affecting the 
DHFR enzyme is by disrupting bacterial metabolism by affecting the cellular 
levels of NADH and NADPH; co-factors used by the DHFR for the 
conversion of dihydrofolic acid to tetrahydrofolic acid. Plasma gas species 
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may also directly react with NADH or NADPH resulting in the reduction of 
the plasma species and oxidation of these co-factors. Some bacteria survive the 
high levels of antibiotic after 30 s as was seen in the Kanamycin results. This 
suggests that Trimethoprim may be affecting bacterial metabolism and the 
generation of ROS which selects cells that have a distinctive fitness advantage 
to survive the levels of ROS.  
 
The common antibiotic biocidal mechanism identified by Kohanski et al. 
(2008) has been shown to alter bacterial metabolism by affecting the TCA 
cycle. Plasma treatment could also be affecting bacterial metabolism thereby 
increasing the antibiotic effect. An experiment using a resistive barrier 
discharge to treat E. coli has been shown to affect the rate of utilisation of 
several different carbon sources compared to non plasma treated controls 
(Laroussi et al., 2002). Increased utilisation of L-fructose, D-sorbitol, D-
galacturonic acid and decreased utilisation of Methyl pyruvate, Dextrin and L, 
D-lactic acid were also observed after plasma treatment.  
 
As previously mentioned, antibiotic resistance maybe acquired by a 
number of mechanisms including efflux of antibiotics, gene mutations that 
prevent the antibiotic from binding, or enzyme modification of the antibiotic. 
Studies on E. coli have demonstrated that a variety of mutations not directly 
involving the antibiotic-target interaction can still modulate the activity of 
cellular resistance processes. These results demonstrated that E. coli has a 
large mutational target size allowing for an increase in antibiotic tolerance 
levels without developing a specific resistance mechanism (Girgis et al., 
2009). Differences in the genetic make-up between MRSA 252 and PM 64 
could affect the tolerance levels of the two strains to the stresses induced by 
the plasma and subsequent antibiotic treatments (Appendix 3 figures A 3.1 and 
3.4). A possible difference between the bacterial species which could account 
for the differences in plasma susceptibility is the capsule layer. Capsules are 
surface-enveloping structures comprising of high-molecular-weight (capsular) 
polysaccharides and can mediate direct interactions between the bacterium and 
its immediate environment. Capsular polysaccharides are an incredibly diverse 
range of molecules that may differ not only by monosaccharide units but also 
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in how these units are joined together (Roberts, 1996). Differences between 
the structure of the capsule layers of 252 and PM 64 could possibly affect their 
susceptibility to the neutral reactive plasma species. The polysaccharide 
structures could possibly “mop-up” the ROS reducing the concentration that 
impacts the bacterial membrane lipids and proteins. A more complex capsule 
layer for 252 could reduce the level of ROS on the bacteria so the subsequent 
rise in ROS due to antibiotic treatment may not overwhelm the bacteria and 
therefore alter the susceptibility to the antibiotics.  
 
The mode of action of β-Lactam (Oxacillin) and aminoglycosides 
(Kanamycin) has revealed antibiotic-induced hydroxyl radical formation is the 
end product of a common mechanism, in which alterations in central 
metabolism related to NADH, TCA cycle and respiratory activity are crucial to 
superoxide-mediated iron–sulphur cluster destabilization, iron misregulation 
and stimulation of the Fenton reaction (Kohanski et al., 2007). It was further 
demonstrated that the iron (Fe2+) responsible for the Fenton reaction derives 
from internal sources such as iron clusters. The culturing of PM 64 and PM 25 
in a defined medium with restricted metal ions was chosen to establish 
whether metal concentrations and changes in metabolism affect the bacterial 
response to plasma treatment and the subsequent treatment with antibiotics. 
The RPMI medium was chelated with chelex 100, a chelating ion exchange 
resin that has unusually high preference for copper, iron and other metals over 
monovalent cations such as sodium and potassium. Its selectivity for divalent 
over monovalent ions is ~5000 to 1, and it has a very strong affinity for 
transition metals, even in highly concentrated salt solutions. Controlling the 
metal ion content of the RPMI medium significantly affected the cell yield of 
these two MRSA strains. The bacteria cultured in this iron-restricted RPMI 
medium were also significantly more resistant to the attenuated plasma pre-
treatment. PM 25 revealed no significant change in viability and PM 64 
showed a 0.5 log inactivation after 30 s plasma treatment. This was ~1 log less 
inactivation for both PM 25 and PM 64 for cells cultured in nutrient-rich TSB 
medium. Although the PM 64 still showed inactivation over the 30 s treatment, 
no changes in the antibiotic susceptibilities could be detected. To better 
understand why the MRSA strains have become more resistant to plasma 
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treatment and why PM 64 remained highly resistant to the treatment of the 
bactericidal antibiotics, it is important to understand the effects low iron has 
on bacterial metabolism and virulence.  
 
It has been shown in the literature that growth in low iron conditions can 
activate the regulation of the Fur gene (Horsburgh et al., 2001). Fur has a 
global effect on iron-regulated gene expression which encompasses many 
aspects of bacterial physiology and virulence in addition to the acquisition and 
storage of iron. In a recent study it was concluded that the Fur gene has a 
fundamental role in S. aureus virulence as it is required for the induced 
expression in low iron of Sae, Agr, Rot genes as well as a number of secreted 
proteins all of which are essential for virulence (Johnson et al., 2011). The 
work also determined that sae and fur genes were both needed for full 
induction of the oxidative stress response. Sae has been shown to be essential 
for biofilm formation, the adaptive response to α-defensins and oxidative 
stress (Geiger et al., 2008). Eap and Emp are proteins induced by low iron 
growth; they are secreted proteins which are non-covalently attached to the S. 
aureus cell surface (Johnson et al., 2008). Such differences in gene expression 
could explain why there are differences in plasma inactivation. An increased 
oxidative stress response may be better at tolerating the ROS generated by the 
plasma. The expression of Eap and Emp (non covalent proteins secreted) on 
the bacterial surface may also be preventing key proteins in the membrane 
from being impacted by the ROS of the plasma. This could lead to key targets 
involved in the antibiotic resistance mechanism or bacterial metabolism not 
being affected by the plasma pre-treatment. The restricted iron concentration 
during growth will also result in less iron or greater control over the iron 
available for the Fenton reaction during antibiotic treatment, reducing the 
concentration of ROS in the cells. Changes in the bacterial capsule layer might 
also be another possible mechanism which reduces the impact of plasma pre-
treatment. A full induction of the oxidative stress response, excretion of non-
covalent binding proteins, tighter control of iron could have enabled PM 64 to 
demonstrate greater resistance to the plasma pre-treatment and the subsequent 
antibiotics. These could all be reasons why 30 s plasma pre-treatment did not 
affect the resistance to either Kanamycin or Oxacillin. The common 
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mechanism that involves alterations in central metabolism related to NADH, 
TCA cycle and respiratory activity are crucial to superoxide-mediated iron–
sulphur cluster destabilization, iron misregulation and stimulation of the 
Fenton reaction-a mechanism that appears important in explaining how 
bactericidal antibiotics induced cell death. 
 
6.4   Conclusions 
The results presented in this chapter have shown that multi drug resistant 
strains of MRSA have similar levels of plasma susceptibilities when compared 
with L. innocua and E. coli. Attenuated plasma pre-treatment was able to re-
sensitise PM 64 to three different types of antibiotics namely Kanamycin, 
Oxacillin and Trimethoprim. Differences between MRSA 252 and PM 64 and 
the antibiotic susceptibilities after plasma pre-treatment could possibly be due 
to variations in the genetic make-up of the strains. One possible difference 
might be the bacterial capsule layer. Confirmation of this would require a 
detailed study to assess the differences between the two bacterial strains. 
Plasma pre-treatment of PM 64 appears to either be affecting the resistance 
mechanism used by the bacteria to stop the antibiotic-target interaction or else 
may be increasing the ROS stress exerted on the bacterium. The ROS from 
plasma pre-treatment could be affecting the same pathways affected by the 
bactericidal antibiotics. Further work is still needed to elucidate what are the 
targets and key pathways affected by the plasma treatment and how they 
interact with the complex antibiotic effects. Culturing PM 64 in a RPMI 
medium with low iron concentrations was sufficient to change the phenotype 
of the bacteria enabling greater ROS stress response and better regulation of 
the limited iron. This resulted in a reduction in the plasma inactivation 
efficiency and subsequent antibiotic treatment. This suggests that ROS play a 
key role in bacterial inactivation and antibiotic resistance. The availability of 
iron for the generation of OH• radicals through the Fenton reaction which is an 
important part of bactericidal antibiotic mechanism, may also be having a 
significant impact on the results observed. Greater understanding of the 
differences between bacterial strains that become susceptible to antibiotics 
after an attenuated treatment and those that do not is still needed in order to be 
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able to unravel the precise mechanism by which the various reactive species 
present in the plasmas bring about the death of bacterial cells. 
  
Conclusions 
 
 
 
 
-229- 
 
7. Conclusions 
 
The work presented in this thesis was conducted to investigate the 
inactivation mechanism of food borne pathogens subjected to cold 
atmospheric plasma treatment. A pulsed RF plasma jet and a plasma air mesh 
were used for inactivation tests. A vacuum filtration technique was used to 
deposit a single monolayer of homogenously distributed bacteria for equal 
exposure to the plasma inactivating gas species. The treatment of a 
homogeneously distributed population was expected to generate a linear 
inactivation curve but actually yielded biphasic inactivation. Biphasic 
inactivation curves were shown not to be due to differences in bacterial 
resistances, or the development of resistance during treatments, but constituted 
a complex response of the bacteria during treatment of the sample. Drying 
effects of the gas flow were shown capable of forming circular patterns that 
generates cluster regions of bacteria. These cluster regions act as refuges that 
offer protection to viable bacteria and can act as electrical gates to shield 
bacteria from the bombardment of charged particles responsible for the 
significant structural damage observed during treatments.  
 
Degradation of highly ordered amyloid aggregates was obtained using 
the same pulsed RF plasma jet suggesting that charged particles play a 
dominating role in etching proteins. Damage to the fibrous protein structures 
was also detected outside the direct plasma contact region. OES led to the 
detection of ROS outside the plasma contact region and this strongly suggests 
a high likelihood that amyloid aggregates outside the plasma region were 
damaged by ROS, with only little contribution from peeling-off forces and 
other physical etching. The ROS detected using the OES however are not a 
good indicator of bacterial inactivation. Bacteria spread on an agar surface 
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were inactivated faster using a 25 kHz pulse repetition frequency compared to 
12.5 Hz even though the OES revealed a 10x reduction in the emission 
spectrum for the 25 kHz. These results indicate that manipulations of plasma 
parameters can dramatically alter the reaction chemistry and the dominating 
inactivation mechanism which allows atmospheric plasmas to be tailored to a 
wide variety of specific sterilisation issues. 
 
The Air mesh plasma system is potentially a more appealing plasma 
system for industrial applications because it contains one small power supply 
and operates without the use of noble gases which would have savings over 
jet-based systems. Inactivation results using the plasma air mesh revealed 
more linear inactivation when compared with that of the RF plasma jet for 
homogeneously deposited bacterial samples. This is because there is no gas 
flow causing bacterial clusters that might protect bacteria from the lethal gas 
plasma species. The air mesh plasma treatment does not affect the morphology 
of bacteria as revealed by SEM. The different effects to the bacterial 
morphology between the two plasma systems are due to the interaction of the 
charged plasma species with the pulsed RF plasma jet. In the Air mesh plasma 
system the charged species are contained between the dielectric material and 
the grounded mesh so never directly contact the bacteria. Only the plasma gas 
species that can diffuse away from the discharge are responsible for 
inactivation. The inactivation time to achieve the same log reductions as the 
pulsed RF plasma jet was reduced. Treatments of both Gram negative (E. coli) 
and Gram positive (L. innocua and MRSA 252) species revealed an initial 
difference in plasma susceptibility with E. coli being more resistant, treatments 
of longer duration revealed similar susceptibilities for E. coli and L. innocua 
but MRSA 252 was slightly more susceptible. The pathogenic Listeria 
monocytogenes Scott A had the same level of susceptibility as the non-
pathogenic L. innocua to the air mesh plasma treatment.  
 
E. coli and L. innocua were cultured at two different growth 
temperatures to alter their fatty acid membrane composition. Analysis of the 
inactivation results demonstrates that the compositions of membrane lipids are 
not an important target for attenuated air mesh reactive gas species. Reactive 
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plasma species are possibly targeting proteins present in the bacterial 
membrane which is indicated by depolarisation of L. innocua cells prior to the 
membranes becoming compromised. Inactivation curves differed for E. coli 
cultured at different growth temperatures. The lowest growth temperature 
(17˚C) yielded cells more resistant to attenuated plasma treatment even though 
the lipid composition contained more unsaturated fatty acids that would have 
been more susceptible to reactive oxygen species (ROS). Because the lipid 
composition appears not to be an important target, the differences for 
inactivation were possibly due to altered protein expression. Differences 
between the bacterial membrane structures of the Gram positive (L. innocua) 
and Gram negative (E. coli) showed differential staining with flow cytometry 
dyes. The different staining was still observed even for conditions that 
produced identical inactivation curves suggesting a different inactivation 
mechanism was responsible in each of the two species. 
  
The Attenuated plasma pre-treatment was able to re-sensitise PM 64 to 
three different types of antibiotics namely Kanamycin, Oxacillin and 
Trimethoprim. Plasma pre-treatment of PM 64 appears to either be affecting 
the resistance mechanism used by the bacteria to stop the antibiotic-target 
interaction, or else may be increasing the ROS stress exerted on the bacterium. 
The ROS from plasma pre-treatment might conceivably be affecting the same 
pathway as the bactericidal antibiotics. MRSA 252 had similar levels of 
antibiotic resistance but plasma treatment did not re-sensitised the bacteria. 
Differences between MRSA 252 and PM 64 and the antibiotic susceptibilities 
after plasma pre-treatment were most probably due to variation in the genetic 
make-up of the strains. Culturing PM 64 in a RPMI medium with low iron 
concentrations was sufficient to change the phenotype of the bacteria enabling 
greater ROS stress response and better regulation of the limited iron. This 
caused a reduction in the plasma inactivation efficiency and subsequent 
antibiotic treatment effect. The availability of iron for the generation of OH• 
radicals through the Fenton reaction, which is an important part of bactericidal 
antibiotic mechanism, may be having a significant impact on the results 
observed. The effects of the culturing medium also suggest that ROS possibly 
play a key role in bacterial inactivation and increasing antibiotic susceptibility. 
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Future work 
The work in this thesis has demonstrated different inactivation 
mechanisms using different plasma systems. Treatment with the pulsed RF 
plasma has shown that varying the pulse repetition can significantly affect the 
plasma chemistry. Further research is required to understand the changes in 
plasma chemistry due to the way the plasma is pulsed to enable greater areas 
of inactivation for shorter treatment times. To try to understand the changes in 
plasma chemistry studies using Mass spectroscopy or chemical dyes that are 
selective for the types of reactive species present in the plasma would be 
investigated. This will aid the scale up for these jet configurations to ensure 
the optimum parameters are used for the best reaction chemistry. 
 
The experiments on amyloid degradation were promising and suggest 
that cold gas plasmas might have a role in inactivating prions associated with 
for example, surgical instruments. Further studies using prions would be 
warranted. Related to this would be studies on eradicating allergens from food 
processing environments. Experiments could also be studied to see if plasma 
treatments can also modify proteins to affect their allergenicity as well as 
removal. 
 
Further research is needed to understand whether membrane proteins are 
the bacterial targets for the air mesh plasma system. Experiments presented 
here have ruled out lipids as an important bacterial target for inactivation even 
though membranes appear to become compromised during treatments. The 
flow cytometry results shown in chapter 5 suggest that proteins are a potential 
target. If the proteins are a key bacterial target for inactivation then any 
damage that occurs to the proteins will help identify the types of plasma 
species that are responsible for inactivation. Studies focusing on the 
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functionality of key membrane proteins and whether they are affected by 
plasma treatment would determine whether these proteins are causing bacterial 
depolarisation. Further investigations into the fluorescent dyes used for Gram 
negative bacteria are also needed to test whether the dual staining is caused by 
the stain incubation times and get greater understanding between the 
differences with Gram positive bacteria. Information about the key plasma gas 
species responsible for inactivation will be important for scaling-up the 
technology for commercial application and allow the understanding of how 
cold plasma treatment of bacteria will affect foods, human skin and wounds. 
This information will help to realise the most suitable applications and 
limitations of the technology. 
 
Future research also needs to be directed towards identifying how air 
mesh plasma treatment is capable of re-sensitising pathogens to antibiotics 
which they normally have a high level of resistance against. In particular a 
greater level of understanding as to why the antibiotic resistance of some 
pathogenic species can be affected by plasma treatment where as other 
pathogens are not affected. Tests focusing on differential gene expression 
between bacterial isolates and changes in gene expression to plasma treatment 
would begin to understand why these differences exist. This will be vital 
information to understand the factors that allow bacteria to survive plasma 
treatment.  
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Appendix 1 Growth curves 
 
Fig A 1.1: L. innocua growth cultured in Brain Heart Infusion broth at 40˚C. 
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Fig A 1.2: L. innocua growth cultured in Brain Heart Infusion broth at 7˚C. 
 
Fig A 1.3: E. coli growth cultured in Tryptone soya broth at 37˚C. 
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Fig A 1.4: E. coli growth cultured in Tryptone soya broth at 17˚C. 
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Appendix 2 Flow cytometry analysis 
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Appendix 3 Plasma effects on antibiotic 
resistance  
 
Fig A 3.1: The effects of plasma pre-treatment on antibiotic susceptibility of MRSA 
252. The plates in column 1 were not pre-treated with plasma and those in column 2 were pre-
treated for 30 s. 
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Fig A 3.2: The effects of plasma pre-treatment on antibiotic susceptibility of MRSA 
UR1. The plates in column 1 were not pre-treated with plasma and those in column 2 were 
pre-treated for 30 s. 
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 Fig A 3.3: The effects of plasma pre-treatment on antibiotic susceptibility of MRSA 
PM 25. The plates in column 1 were not pre-treated with plasma and those in column 2 were 
pre-treated for 30 s. 
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Fig A 3.4: The effects of plasma pre-treatment on antibiotic susceptibility of MRSA 
PM 64. The plates in column 1 were not pre-treated with plasma and those in column 2 were 
pre-treated for 30 s. 
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Fig A 3.5:  The effects of plasma pre-treatment on antibiotic susceptibility of MRSA 
PM 64 cultured in “iron-restricted” RPMI medium. The plates in column 1 were not pre-
treated with plasma. Those in column 2 were pre-treated for 30 s. 
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